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The Electron Paramagnetic Resonance technique has been 
used to study alkaline earth fluoride crystals doped with 
both hydride and gadolinium (or erbium) ions, and the spin 
Hamiltonian parameters have been determined for the various 
kinds of charge-compensated rare earth ion site which occur. 
In particular, two sites of tetragonal symmetry with the 
3+ - 3+ -structures RE -FI, RE -HI have been examined, and small 
shifts in the EPR spectra of the latter site have been 
measured when a deuteride or tritiide ion replaces the hydride 
ion. A crystal lattice model of point charges and point 
dipoles at distorted lattice sites predicts a value of the 
2 crystal field parameter B0 for the tetraqonal sites which is 
only one half of that estimated from the observed spectra, but 
2 the model successfully accounts for the larger value of B0 
3+ - 3+ -for the RE -HI site compared with the RE -FI site on the 
basis of the larger polarisability of the H ion. Isotope 
shifts are interpreted by the electron phonon interaction 
between the 4£ electrorsof the rare earth ion and the localised 
mode of vibration of the light anion. The magnitudes of the 
shifts, calculated on a point charge/point dipole model, are 
in good agreement with experiment. 
3+ -The reorientation of the tetragonal Gd -HI sites has been 
examined by EPR line broadening and dielectric loss 
techniques. No distinct dielectric loss peak corresponding to 
this site was observed, and it is proposed that it cannot be 
distinguished from that for Gd3+ -F- sites. An I 
interstitialcy model for the reorientation has been investigated 
and is found to be consistent with this explanation and with 
3+ - - . the observation of a metastable Gd -HS-FI site in u. v.  
irradiated calcium fluoride. 
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This thesis will prE�sent the results of an experimental 
and theoretical investigation into alkaline earth fluoride 
crystals doped with both rare earth ions and hydride ions. The 
object of this chapter is to give a short review of the 
background to this field of research, and to discuss the 
incentive for performing the experiments described herein. 
I. GENERAL INTRODUCTION 
A crystal doped with several different impurities is a 
physical problem which is too complex to be capable of a direct 
solution. However, many quantum mechanical systems can be 
solved by subdividing the system into two or more subsystems, 
in such a way that each subsystem is almost independent of the 
others, and is itself capable of solution. The interaction 
effects between them can then be included by means of 
perturbation theory. This approach is only useful if the 
energy of interaction is small compared with the internal 
energy of each subsystem; otherwise the properties of the 
whole system bear little relation to those of its component 
parts, and the subdivision neither aids physical insight nor 
mathematical solution. The system of interest in this thesis 
can be broken up into the following parts: i) the rare earth 
ion considered as an electronic system which is influenced by 
the static crystal field produced by the other ions in the 
crystal when located at their equilibrium positions, ii) the 
2 
neighbouring hydride ion considered as a single particle 
vibrational system (a localised phonon mode) , and iii) the 
remaining regular lattice ions, considered as a many-particle 
vibrational system (a phonon bath) . The Hamiltonian of these 
three basic subsystems can be considered separately before the 
terms representing electron-phonon and phonon-phonon 
interactions are included. The electron-phonon interaction 
between the rare earth ion and the localised mode of vibration 
of the hydride ion will be of particular interest here. 
Previous research on alkaline earth fluotide crystals 
which is of direct relevance to this work can be classified 
according to whether the crystals were doped with rare earth 
ions, or hydride ions, or both. Such studies have yielded 
much information on the subsystems (i) , (ii) and (iii) dis­
cussed above, and on their interactions, so brief reviews of 
the important results obtained for the three types of doping 
will now be given. 
II. RARE EARTH DOPED ALKALINE EARTH FLUORIDE CRYSTALS 
The properties of rare earth ions introduced as 
impurities into MeF
2 
crystals (Me = Ca, Sr, Ba) have been 
. ] . . � . 1 extensive .y investigateu in recent years . It is now well 
established that the rare earth ion in either the divalent or 
trivalent state substitutionally occupies an Me2+ site. If 
the rare earth ion is in the trivalent state, some form of 
charge compensation is required to preserve the electrical 
neutrality of the crystal. A common site in calcium and 
strontium fluoride crystals doped with the rare earth fluoride 
involves an F interstitial occupying the empty cube of 
3 
regular lattice F ions adjacent to that occupied by the rare 
earth ion, as shown in Figure 1. This tegragonal site, and 
some others of different symmetry, have been investigated for 
most of the rare earth ions in MeF
2 
crystals by means of 
optical spectroscopy, using 4fn + 4fn, 4fn + 4fn -l5d 
transitions, and by E. P. R. in the ground states. A feature of 
the low temperature optical spectra for interconfiguration 
transitions is the appearance of phonon sidebands alongside 
the purely electronic ('no-phonon ') lines. This 
manifestation of the ion-lattice interaction is due to 
simultaneous electronic and vibrational transitions. Peaks in 
the sidebands correspond to peaks in the phonon density of 
states or to localised modes centred near the rare earth 
ion. 
Ion-lattice interaction effects are not so apparent in 
the EPR spectra, altho�gh spin-lattice relaxation does result 
in the EPR lines being strongly broadened above 30°K for most 
of the rare earth ions. The Jahn-Teller effect is one 
interesting consequence of ion lattice coupling which is most 
easily investigated by the EPR technique. However, Jahn­
Teller energies are expected to be very small for rare earth 
ions in 4fn configurations due to their relatively weak 
interactions with the lattice2. 
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Fig 1: The tetragonal m::3+ - F1- :.iite in alkaline earth fluoride crystals. 
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III. HYDROGENATED ALKALINE EARTH FLUORIDE CRYSTALS 
5 
Hall and Schumacher 3 have shown that it is possible to 
introduce hydrogen (or its isotopes deuterium and tritium) 
into MeF2 lattices by a chemical process. The hydrogen enters 
the lattice as hydride (H-) ions and substitutes for fluoride 
ions at some of the regular F lattice sties. The hydride ion 
is subject to similar force constants to the fluoride ion 
which it replaces, but has a very much smaller mass. This 
results in an H vibrational frequency which is higher than 
the vibrational pass bands of the crystals. Thus any 
excitation of the hydride ion cannot propagate through the 
crystal and a strongly localised mode of vibration ensues. In 
fact it can be shown that to a very good approximation the 
hydride ion can be consldered to vibrate almost independently 
of the rest of the crystal lattice, and that it is accurately 
described by the theory of a perturbed harmonic oscillator4 ' 5. 
Transitions from the ground state (principal quantum number 
N = 0) to the N = 1, 2, or 3 excited states can be detected as 
sharp absorption lines in the 500-3000 cm-l (infrared) region: 
The coupling between the hydride ion local mode and the lattice 
results in the presence of small sidebands on either side of 
the main absorption lines5 These are due to simultaneous 
lattice mode and local mode phonon transitions. 
IV. ALKALINE EARTH FLUORIDE CRYSTALS DOPED WITH BOTH RARE 
EARTH AND HYDRIDE IONS 
6 
MeF2 crystals which have been doped with rare earth ions 
can also be hydrogenated. Jones et al. 6 have investigated 
such crystals and have found that new lines appear in both the 
optical spectra of the rare earth ion and the infrared spectra 
of the hydride ion. These authors showed that their 
observations were consistent with the formation of a 
3+ - 3+ - . tetragonal RE -HI site analogous to the RE -FI site described 
. 1 h .  3+ - . . 11 previous y. T is new RE -HI site provides an �xce ent 
experimental situation for investigating the electron phonon 
. . f 1 h 3+ · · interaction or severa reasons. T e  RE ion is an 
electronic system whose general structure is now well 
understood; in particular there have been several theoretical 
. . . 7 , 8 , 9 f h 3+ 
- . h investigations o t e tetragonal RE -FI site. T e  
hydride ion oscillating in its potential well is a good 
approximation to the ideal case of a single particle 
vibrational system and so may be described by the 
comparitively straightforward Simple Harmonic Oscillator 
Formalism. The amplitude of the oscillation varies when 
deuterium or tritium is substituted for hydrogen since the 
amplitude is inversely proportional to the particle mass. 
Finally, the interaction between the two systems is not so 
great that a perturbation approach is inapplicable, but not so 
small that interaction effects cannot be observed. The 
appearance of such interaction effects in the spectra of the 
rare earth and hydride ions will now be discussed. 
Jones and his coworkers 6 have observed the infrared 
spectrum �f the tetragonal H� sites for all of the rare earth 
series ions. In most cases they found two absorption line 
7 
fundamentals, corresponding to the longitudinal and (doubly 
degenerate) transverse modes of motion. Erbium was anomalous 
in having two sets of fundamental lines separated by a few 
wavenumbers. It has been suggested4 that this spectrum can be 
explained by an electron-phonon interaction if there is an 
excited electronic state of the erbium ion within a few wave­
numbers of the ground state. This suggestion has recently 
10 been substantiated by Presland , who has found a first 0 
-1 excited state 4 . 5  cm above the ground state. 
A different but related interaction effect has been 
3+ - 3+ - 11 observed for Ce -HI and Pr -HI sites by Jacobs et al . .  
They observed that the first harmonic transverse lines, when 
examined at helium temperatures and under high resolution, 
3+ -were in fact split into two component lines for the Ce -HI 
3+ -site and three for the Pr -HI site. They proved that this 
"xy splitting" could in principle be producec:1. by an electron­
phonon interaction, and that simple electrostatic models 
predicted the size of the splittings to within an order of 
magnitude. 
l 6 'h l 1 1  1 . . d Jones et a . and Jaco�s et a . have a so investigate 
the optical spectrum of the rare earth-hydride ion site. The 
new spectrum reveals the presence of an electron-phonon 
interaction in two ways. Firstly, there is a small shift in 
the positions of the absorption or fluorescence lines when 
deuterium or tritium is substituted for hydrogen in the 
crystal. Secondly a local mode vibronic sideband structure 
appears, consisting of two sharp lines on either the high 
frequency or low frequency sides of the main no-phonon line, 
depending on whether absorption or fluorescence is being 
observed. These two lines correspond to the creation of a 
8 
longitudinal or transverse HI local mode phonon in conjunction 
with an electronic transition of the rare earth ion. Jacobs 
11 et al. attempted to explain the isotope shift of the no-
phonon lines by means of simple electrostatic models but 
obtained theoretical isotope shifts which were only one quarter 
the magnitude and of opposite sign to the experimental values. 
The RE
3+
-H� pairs have also been investigated for calcium 
. 3+ 3+ 3+ fluoride doped with Ce , Sm and Nd by means of Electron 
12 Paramagnetic Resonance . Rare earth ion;with odd numbers of 
electrons in the 4fn shell usually have a Kramers doublet 
ground state, whose effective g values may be accurately 
measured by E.P.R. The electron-phonon interaction results in 
a small isotope shift in the g values when deuterium or 
tritium is substituted for hydrogen. No theoretical 
calculation of these g value isotope shifts has yet been 
attempted. 
V. THE PRESENT APPLICATION OF EPR SPECTROSCOPY TO 
3+ -MeF2:RE :H CRYSTALS 
The major incentive for performing the EPR work described 
herein was to complement the optical and infrared measurements 
3+ - 6 11 on MeF2:RE :H crystals of Jones et al. , Jacobs et al. , 
10 Presland , and other workers. The previous EPR measurements 
discussed above were made before the results of investigations 
using other spectroscopic techniques were known, and the 
paucity of data discouraged theoretical interpretation of the 
g values and their isotope shifts. Of the three rare earth 
. ( 3+ d 3+ 3+) h' h . . ions Ce , N , Sm w ic were investigated, only the 
3+ - 11 Ce -H site has since been examined optically , and this I 
problem is currently being investigated by P. T. McMahon118. 
3+ However the optical and infrared spectra of CaF2: Gd :H 
6 10 crystals have been measured by Jones et al. , and Presland 
3+ -has recently analysed the optical spectrum of CaF2: Er : H  . 
Both sets of results relate primarily to the tetragonal 
3+ - . RE -HI site and so there is an established pool of 
9 
3+ - 3+ -spectroscopic data for the Gd -HI and Er -HI sites, although 
no EPR measurements have yet been made. For these reasons 
3+ 3+ . the Er and Gd ions were chosen for the current work, with 
the assurance that a theoretical interpretation of the 
3+ -corresponding RE -HI sites would not be unduly limited by 
lack of data. Most of the results reported here are for Gd 3
+ 
ions because at the beginning of this work no cryogenic 
facilities were available for the EPR spectrometer. 
A secondary aim in this research was to extend the 
knowledge of charge compensation mechanisms in both 
3+ hydrogenated and untreated MeF2: RE crystals. This chapter 
3+ - -has concentrated on the simple tetragonal RE -FI/HI 
site 
because �ost of the previous research relates to this site and 
also because it is structurally the simplest site. However, 
many other charge compensation arrangements involving, for 
2- + example, 0 , Na and H - ions are possible, and the EPR s s 
technique is a particularly useful tool for investigating 
these centres because the site sywmetry can be directly 
10 
identified. This important physical characteristic of a RE 3+ 
site cannot be unambiguously determined by optical or infrared 
spectroscopy and some form of magnetic field spectroscopy, e.g. 
Optical Zeeman, EPR, or ENDOR, is required. EPR does not 
furnish as much information as ENDOR, but it is technically 
and analytically simpler, whilst EPR is much more accurate 
than optical Zeeman measurements. 
The EPR spectra of the various charge compensated Er3+ 
and Gd3
+ 
sites in untreated MeF2 crystals have largely been 
dealt with by other workers, although some revisions and 
extensions are included here. However, no EPR work has yet 
been done for hydrogenated crystals containing these ions, and 
such measurements are desirable both to confirm the tetragonal 
3+ - 3+ -symmetry of the Gd -HI and Er 
-HI sites discussed previously 
and, more importantly, to examine the symmetry of other 
h d . 3+ . y rogenic,RE sites. For example, 6 Jones et al. suggested 
3+ -that u.v. irradiation converts the tetragonal Gd -HI centre 
. . · 1 d3+ 0 . into a simi ar G -H site. It is possible with EPR to test 
this hypothesis directly by examining the symmetry and 
structure of the spectrum; other unreported sites can be 
similarly investigated. 
VI. THE STRUCTURE OF THIS WORK 
Chapter II of this thesis will give a brief review of the 
basic theories used in subsequent chapters. Experimental 
techniques and instrumentation will be discussed in Chapter 
III. The EPR spectra of Gd 3+ in unhydrogenated MeF
2 
crystals 
have been measured by previous workers. Unfortunately some of 
11 
these measurements are either incomplete or incorrect. These 
measurements are revised and extended in Chapter IV, and new 
3+ results for Gd charge compensated by monovalent cations are 
also presented. Chapter V will give the experimental results 
f h d d 1 . . d 3+ or y rogenate CaF2, SrF2 crysta s containing G a 
comparison with theoretical predictions of the isotope shifts 
will be made in Chapter VI. During this research the Physics 
Department acquired a liquid helium "Janis" dewar which made 
3+ possible measurements on rare earths other than Gd . Chapter 
3+ - -VII will present and discuss results obtained for Er -HI/DI 
in calcium fluoride. 
Chapter VIII will be concerned with a different facet of 
3+ -the behaviour of RE -HI pairs in MeF2 crystals. It is 
apparent from 
degeneracy of 
Figure 1 that there is a six-fold orientational 
the RE3+-F- axis, corresponding to the six 
I 
equivalent interstices that the FI can occupy. The thermally­
activated reorientation of the axis gives rise to lifetime 
broadening of the RE 3+ EPR lines, and also to dielectric l0ss 
. 3+ -since the RE -FI site has a net dipole moment. Chapter VIII 
will present the results of EPR linewidth and dielectric loss 
measurements on tetragonal Gd3+ _F- Gd3+-H- and Gd
3+
-D
- sites I' I I 
in calcium fluoride. 
1 2  
CHAPTER II 
A REVIBW OF THE BASIC THEORIES 
This chapter will review those particular aspects and 
theories of solid state physics which provide a common 
foundation for the discussion presented in Chapters I V, V, VI 
and VII. The theory of dipole reorientation is of importance 
in Chapter VIII only, and so a discussion of this subject will 
be presented there. 
I. THE PERTURBED HARMONIC OSCILLATOR 
Elliott et al. 5 have shown that the vibrational properties 
of low mass impurity atoms or ions in crystals can be 
adequately represented by the static well approximation. In 
this theory the neighbouring atoms are considered to be 
essentially stationary at their equilibrium positions, and the 
impurity atom vibrates in the potential well generated by its 
interaction with the neighbouring atoms and the rest of the 
crystal lattice. Under these assumptions the Greens Functions 
method of analysis13 is unnecessary and the defect motion can 
be described by the simple theory of a single particle 
oscillating in an anharmonic, anisotropic potential well. The 
potential well must be invariant under the operations of the 
point group of the particular defect site and hence must 
1 transform according to the r (totally sy�metric) 
representation of that group. 3+ - . For the tetragonal RE -HI ion 
pairs of interest here, the potential energy of the H ion has 
c4v symmetry. Taking into account this symmetry restraint, 
the expansion of the potential in a Taylor series about the 
13 
equilibrium point of the HI ion yields 
V (xyz) 2 2 2 3 2 2 4 4 4 = a (x +y ) + bz + cz + dz (x +y ) + f (x +y ) + gz 
2 2 2 2 2 + hz (x +y ) + kx y + higher order terms 
(2-1) 
where x, y, z are the displacements from the equilibrium position 
of the H
I 
ion. The first two terms in this expansion are 
dominant and constitute a harmonic oscillator poter.tial. The 
re�aining terms are relatively srr.all and may be treated as a 
perturbation of this potential. Figure 2 shows the resulting 
energy level scheme and 
have observed the first 
3+ - . and Er -HI 1n CaF2, and 
6 the possible transitions. Jones et al. 
harmonic transitions for Gd3
+
-H�/D� 
3+ -second harmonics for Gd -HI in 
calcium fluoride. These results will be of use later in this 
thesis and so are summarised in table 1. 
4 
Newman has given an extensive review of theoretical and 
experimental results for perturbed harmonic oscillators of c4v 
and other symmetries. 
II. ELECTRONIC PROPERTIES OF TRIVALENT LANTHANIDE IONS IN 
MeF2 CRYSTALS 
The electronic structure of neutral lanthanide ions 
consists of a coromon xenon structure, two or three outer 
2 2 N electrons (6s or 5d6s ) ,  and a 4f (N = 1,14) shell which is 
progressively filled through the series. Ionization proceeds 
by successive removal of the outer electrons (and sometimes 
one of the 4f electrons) until in the +3 oxidation state only 
the xenon core and 4fN shell remain. The spectroscopic 
properties of the trivalent lanthanides are due to the 4fN 
A2 1 
81 
N= 2 82 E 
A1 
N=O __ ..._____. _______ ...____._ __ .__ ____ A1 
Fig 2: The spli ttings of the N=O, 1 , 2 levels of a simple harmonic 
oscillator by a perturbation o f  C symmetry. 4-v 
TRANSITION FUNDAMENT.Z\LS 2nd HJ\Ri-�O:�ICS 
ION PAIR x, y z x, y x+z 
Gd3+-F
-
-1 1017. 0 1104. 2 2029. 2 2108. 5 
Er 3+ -H� (I) 10 36. 2 1086 . 6  




TABLE l Frequencies of observed infrared absorption lines (in 
-1 3+ - o cm ) for Gd -H1 sites in calcium fluoride at 20 
K 
from reference 6)  
15 
shell ground configuration and to the excited configurations 
( 4 fN -16p t ) e c . .  The 4f electrons are drawn into the interior 
of the cormnon xenon core due to their imperfect mutual 
shielding, and behave as an inner she1114 . This phenomenon, 
known as the lanthanide contraction, and the consequent 
shielding furnished by the Ss
2 and Sp
6 outer xenon core shells 
results in the 4f electrons having a rather weak electrostatic 
interaction with any external environment. Thus the lanthanide 
series ions show much weaker crystal field splittings than the 
transition metal ions. 
The Hamiltonian for a rare earth ion in a crystal field 
may be written as 
[- h
2 N 2 N Ze 2 N 2 
� ( £) !i
. 
�i J H z:: 'v . z:: + z:: 
e + z:: = 
2m i=l l i=l r . i<j r . .  i e l l J  
N 
B kc k + z:: z:: ( 2-2) 
i=l k, q q q 
where the symbols have their usual meanings1 4  �he free-ion 
terms in the bracket are the kinetic energy, electron-nuclear 
potential energy, electron-electron potential energy, and 
electron spin-orbit energy respectively. The first three of 
these terms commute with both the total orbital angular 
momentum operator L and the total spin angular momentum 
operator S .  Thus the eigenfunctions of this part of the 
Hamiltonian may be labelled by their S and L values to give a 
2S+l term L of degeneracy ( 2L+l) x ( 2S+l) . The spin-orbit 
interaction only commutes with the total angular momentum 
operator J = L+S and so splits the terms into levels 
characterised by different values of J. 
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I f  the magni t ude of the spin orbit interaction is 
relatively small, the new eigenvalues are co11m1only calculated 
by the SL coupling approximation in which only the diagonal 
matrix elements are considered. The splitting patterns of the 
various terms are then given by the well known Land� interval 
rule, and the eigen functions may still be labelled by the 
values of  L and S. However, for the lanthanide ions the spin 
orbit coupling is of moderate magnitude and so its o f f-diagonal 
matrix elements cannot be neglected. This case is known as 
intermediate coupling and the intermediate coupling eigen­
functions are linear corrbinations of  the terms. The dominant 
term in the combination is usually used as a label; hence an 
2S+l1 eigenfunction is designated as �J even though S and L are 
no longer constants of motion. 
The crystal field term splits the intermediate coupling 
free ion levels further ;, although two-fold Kramers degeneracy 
must remain for ions with odd numbers o f  electrons. I f  the 
crystal field is invariant under the operations of a point 
group G, the eigenfunctions may be labelled according to their 
trans formation properties by the appropriate irreducible 
representation rh of G. Although the previous labels such as 
S, L and J are no longer good quantum numbers in the strict 
sense, they are still useful indicators of  the parentage of an 
eigen function and so are often included in the labelling 
scheme. 
The crystal field can be expanded as a linear 
combination of  spherical harmonics Yi
m or spherical tensors 
C£
m; these quantities are defined by 
= (-l) m ( (2 9,+l) ( £ - m ) ! ]
½ m im<jl 
4 n (£+  m )  ! PQ, (cos 0 )  e 
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= 
( 2 - 3 ) 
( 2 - 4 ) 
where (r, 0 , <jl) are spherical coordinates and P
Q,
m is an 
associated Legendre polynomial. Wybourne ' s  book14 gives 
detailed formulae by which the matrix elements of these 
operators may be calculated. 
3+ Figure 3 shows the lowest energy levels of the Er and 
Gd 3
+ 
ions in environments of decreasing symmetry. The Gd 3+ 
ion (4 f7 ) has very weak crystal field splittings due to the 
special properties of half-f illed shells. In particular, no 
crystal field spl itting of first order is possible between 
pure LS states and so higher order perturbations have to be 
invoked to explain the splittings. 
III. THE ELECTRON-PHONON INTERACTION 
The electron-phonon interaction arises from the 
modulation of the crystal field at the rare earth ion site 
due to the thermal motion of the lattice, and is thus eefined 
by 
V = V ev c V 
o 
C I 
( 2 - 5 ) 
where V is the instantaneous crystal field at the rare earth 
C 
ion site and V O is the static crystal field produced by the 
C 
lattice ions at their equilibrium positions. The general form 
of the interaction, in the adiabatic approximation, can be 
. 15 written as 
Go 3+ 
6 p  
½ 
6 P. --- 2r1 % 
6p -----1--- 4 r:8 
½ 
,__
_ 2 r 
8 
7 
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Fig 3 :  S chemat ic energy level diagram fo r Er and G d ion
s in 
environments o f  diminishing sym�etry .  
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V ev = Z:: f . 
aQ . 
a + 
. l l 
Z:: 
i, j 
ex , � 
g . . a s0 . a0 . B + • • • , l J  l J ( 
2 - 6) 
a where the Q . are the phonon normal coordinates which transform l 
, · h th · d · bl · a f ' accora1ng to t e  a 1rre uc1 e representation r o tne 
point group of the rare earth ion site. The f . a and g . . a S are l l J 
functions of the coordinates of the rare earth ions ' electrons 
'*' 
and must transform according to the representations ( r a) ,  
a S * ( r  x r ) respectively since V is invariant under the point ev 
group operations. 
Both the regular lattice modes and the H ion localised 
mode will produce a shift in the electronic energy levels of 
the rare earth through the interaction V ev However, for the 
purposes of electronic level isotope shift calculations, the 
regular lattice modes Day be omitted from equation (2-6) since 
their contribution is expected to be the same for both 
hydrogenated and deuterated crystals. The H ion localised 
IT.ode nor�al coordinates are just X, Y, Z, the displaceQents of 
the ion from its equilibrium position, and so equation (2-6) 
reduces to 
V = ev 
2 2 2 f Z + f X + f Y + g Z + ½ ( g +g ) ( X + Y ) z X y zz xx YY 
+ ½ ( g -g . ) ( X 
2 --Y 2 ) + g X Z + g XY + g Y Z + • • • ( 2 -7)  xx yy xz xy yz 
This interaction, involving the rare earth and hydride ion 
only, must be invariant under the operations of the C group, ooV 
and so the displacement coordinate terms in (2-6) have been 
grouped, where necessary, in (2-7) so that they form basis 
functions for the irreducible representations of C oov 
1 6  The 
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associated electronic functions f and g must transform as the 
complex conjugate representations and so their most general 
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n=O 
1 1 -1 
(2-8)  
The equations ( 2 - 8) may be readily derived from point group 
tables and a straightforward application of Van Vleck ' s  '' basis 
function generating machine" procedure applied to the Racah 
spherical tensors C £ m The expan sion coefficients a, B, y 
depend upon the particular model chosen to represent the 
interaction. They are most easily evaluated by utilising the 
solid harmonics T 0 
m, T 0 
m discussed in Appendix I. 
N x  )o Y 
For the simple electrostatic models to be considered in 
this thesis, the coefficients a, B, y may be determined by 
expanding that part of the crystal field at the rare earth ion 
site which is due to the point charge and point dipole of the 
hydride ion , in a Taylors series: 
2 1  
V = v) + r av J 6X . + XY Z = O  . ax . l ( 2 -9) l l XY Z = O  
The inclusion of the dipole moment of the hydride ion is 
important because of the very large polarisability of this 
ion. Experimental and theoretical investigations1 7  have shown 
that the free hydride ion has a polarisability of approximately 
O 3 30 A which is an order of magnitude greater than that of 
heavier anions such as F , Cl etc. 7he derivatives in 
equation ( 2 -9) may be found by utilising the expansion of the 
Coulombic interaction in terms of solid harmonics and the 
11 formulae given by Zdansky for the derivatives of solid 
harmonics. 11 In this way Jacobs et al. evaluated the 
coefficients a, S, y for both the point charge and point dipole 
model. These coefficients and the formulae of Zdansky are 
summarised, with some corrections, in Appendix I .  
IV. THE SPIN HAMILTONIAN FORMALISM 
The detailed theory of paramagnetic ions in crystals aims 
at predicting the energies and effective g values of all of 
the eigenstates which are experimentally accessible. However, 
because of the Boltzmann thermal population factor, EPR is 
usually only observed in Zeeman-split states which are within 
- 1  about 30 cm of the ground state. The task of the 
experimentalist is to summarise the observed properties of 
these lowest states in as concise a fashion as possible . 
Fitting the parameters of the full Hamiltonian to the 
experimental EPR spectrum is extremely unwieldy since all of 
the unobserved states are also involved . An alternative 
2 2 
method, called the spin Hamiltonian formulation, aims at 
reproducing the properties of only the ( 2S+l) lowest states, 
by means of an empirical Hamiltonian acting within a basis set 
of ( 2S+l) spin angular momenta eigenkets j S > I S-1 > j -S >. 
No direct relationship of the spin S to the true spin of the 
ion is necessarily implied ; the only requirement is that the 
spin Hamiltonian has the same symmetries and eigenvalues as 
the full Hamiltonian. 
The original perturbation theory derivation of spin 
18 19 Hamiltonians (S. H. 's) by Pryce ' has been fauna to be 
unsatisfactory in some :respects, and has now been replaced by 
h t . 120 d t d ' t '  th d 21, 2 2 , 2 3, 2 4  group t eore 1ca an ensor ecompos1 ion me o s . 
These latter techniques are basically equivalent, and utilize 
the symmetries of the problem to establish the sorts of terms 
which can appear in the S. H. , without prejudging their 
relative magnitudes. The new techniques are now well 
established but some debate on details and methods has 
d . l ' t  t 25, 26 , 27, 28 appeare in recent 1 era ure . 
As a specific example, which will be required later in 
this thesis, the S. H. of the 8 s
71 2 
ground state of Gd3+ in a 
cubic crystal field will be derived . The first excited state 
6 -1 6 ( P712
) is some 30 , 000 cm above the ground state so 
8 magnetic field mixing of this and higher states into the s71 2 
state may be safely ignored. Also nuclear hyperfine structure 
is usually unresolved in Gd3
+ 
EPR spectra, and so a S. H. 
basis set of dimension 2S+l = 8 may be used. The S. H. must be 
expressible as some polynomial in the field H and the spin S, 
or equivalently in terms of products of tensor operators 
M M TL (S) , TL (H) . Expanding in field tensors of increasing rank, 
the S. H. is 
2 3  
+ ( 2 - 1 0 ) 
The terms in this equation may be rewritten in terms of the 
tensor products TL
M (S, H )  defined by2 9 
= M TL (S, H) 
= ½ ( 2L+ l ) 
to obtain 
= CL M M l 
Ml M L M2 '·1 E � T + AL TT + P T r + • • •  L M L L :..., "L L I 
( 2 - 1 1 ) 
( 2 - 1 2 ) 
where the prefix denote�, the field tensor rank parentage. 
There are three conditions which impose constraints on the 
n M . values of the coefficients AL in the above 
1 )  h . . h 2 1  T e  S. H. must be Hermitian, so t at 





( 2 - 1 3 )  
( 2 - 14 )  
2) The S. H. must have the same symmetry properties as the 
full Hamiltonian. 
a) Under time reversal, represented by the Kramers 
operator K, we �ust have 
KHK-l = H ( 2 - 1 5 )  
and it can be shown that2 1  
L M M M M *-M ( - 1) (AL T L + ( - 1) AL T L ) , 
2 4  
(2- 16)  
so odd L terms are excluded. 
b) The S. H. must be invariant under the operations of the 
cubic group. The linear combination of the TL
M which 
satisfies this and the previous conditions is 
(2- 17) 
Since the field tensors of a given rank transform amongst 
themselves onl½ each term in equation (2- 1 2) must be of the 
above form. The tensor product terms �ay now be decomposed by 
equation (2-1 1) into the products of the component field and 
spin tensors subject to the following conditions: 
(i) The triangle rule on the 3J symbol requires that: 
and 
(ii) Odd parity products do not satisfy time reversal 
invariance, i. e .  n + LS must be even. 
(iii) Matrix Elements of spin tensors of rank greater than 7 
vanish due to the triangle rule. 
(iv) Usually only linear terms in the field are required, 
i. e. n � 1. 
0 
The decomposition of the n =  0 terms and the T0 (H, S) 
term for n = 1 is given in Appendix I I. Decomposing the 
tensors T M for n = 1 but L > O gives rise to the so-called L 
2 5 
Bleaney-Koster terms of the form HS 3, HS5 , etc. ; these will be 
omitted in this analysis in the interests of simplicity since 
they are generally found to be very small. (The form of these 
terms for a spin Hamiltonian of tetragonal symmetry is derived 
in Appendix II since they will be required later in this 
thesis. ) M The tensor operators TL (S) have been tabulated by 
2 9  
Buckmaster et al . .  Using their tables, the spin 
Hamiltonian may finally be written as 
Unfortunately EPR literature does not yet use the tensor 
operators TL
M (S) but the related operators 
where N is a normalisation constant. In terms of these 
operators the S. H. becomes 
(2 -19) 
.ll = - 0  - 4  - 0  - 4  g6!::!_· � + B4 (04 (S) + 504 (S) ) + B6 (0 6 (S) - 210 6 
(S) ) .  
CHAPTER I II 
EXPERIMENTAL TECHNI QUES 
I. CRYSTAL GROWTH AND TREATMENT 
2 6  
Crystals of rare earth doped MeF2 (Me
= Ca, Sr, Ba) were 
grown by Mr Ross Ritchie using the Bridgeman-Stockbarger 
technique and an A. D. Little R. F. induction furnace. The 
melt, consisting of crystal fragments of pure MeF2, an 
appropriate quantity of rare earth fluoride, and 2 %  by weight 
of lead fluoride oxygen scavenger , was placed in a graphite 
crucible and slowly drawn through the furnace. The amount of 
rare earth fluoride added to the melt was usually chosen to 
give a nominal RE 3+ concentration in the crystal of . 05%.  
This figure was the best compromise between the conflicting 
requirements of narrow linewidth but adequate intensity of the 
EPR lines, and also was low enough to ensure that only 
k' 3+ - 6 inappreciable quantity of complex R� -H clusters was formed. 
Hydrogen or deuterium was introduced into the crystals 
3 by the standard method of Hall and Schumacher , which involves 
heating the samples at 800°c in contact with molten aluminium 
and in a hydrogen or deuterium atmosphere. In order to 
enhance the concentration o f  the simple tetragonal rare earth­
hydride ion sites, the crystals were quenched to 77
°K 
directly after the treatment by immersing the quartz 
hydrogenation tube in liquid nitrogen. The concentration of 
the tetragonal hydride ion sites so produced was up to one 
third of the corresponding fluoride ion site for calcium 
fluoride, and typically one twentieth for strontium fluoride. 
2 7  
3 Tritium was obtained in capsules containing 2 cm of the gas 
so special precautions were taken to restrict the volume of 
the hydrogenation chamber. Initial attempts at tritiation 
using a graphite crucible yielded crystals which contained a 
greater quantity of hydrogen than tritium, possibly because of 
the presence of water vapour, which may have been trapped in 
the graphite. Later tr i tia tions used an alumina crucible, which 
reduced the hydrogen content to one third that of tritium. 
For EPR measurements the crystals were usually mounted 
with the (110) axis parallel to the sample holder axis. This 
mounting was achieved on an optical goniometer by using 
reflections from the (111) cleavage planes, which intersect 
along a (110) type direction. With the sample holder axis in 
a vertical direction, the (110) plane, containing the 
important (001) , (111) and (110 ) directions, may be 
conveniently studied. The (100)  plane is accessible with the 
sample holder axis horizontal . 
II. INFRA-RED MEASUREMENTS 
Measurements were made with a Beckmann IR-12 double beam 
infra-red spectrophotometer. This instrument uses a grating 
and rotating filter system to produce the necessary 
-1 dispersion, and has a maxirr.um resolution of . 3  cm in the 
. -1 region of 10 00 cm where most of the measurements were taken. 
A conduction-type dewar with cesium bromide windows was used 
for low temperature work. The crystal is clamped to a block 
of high purity copper, using indium foil to maximise the heat 
transfer, and the block is in turn clamped to the base of the 
liquid helium reservoir . 
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III. OPTICAL SPECTROSCOPY 
3+ Fluorescence spectra of Gd were recorded photo-
electrically with a 3/4 meter Czerny-Turner spectrometer 
manufactured by Spex Industries Inc. Appropriate Corning glass 
filters were used to eliminate background radiation from the 
Phillips 500 watt high pressure mercury lamp which was used to 
excite the fluorescence. Low temperature spectra were again 
obtained by means of a cold-finger dewar. 
IV. ELECTRON PARAMAGNETIC RESONANCE MEASUREMENTS 
Three EPR spectrometers were used in this work, two 
operating in the X band (9 GHz) and the other in the Q band 
(35 GH z) . The bulk of the measurements were made on the 
35 GHz spectrometer, which was constructed in the department , 
and consequently a detailed description will be given of this 
equipment only. The 35 GH z spectrometer was favoured over 
those operating at 9 GHz for the work on Gd 3+ ions because of 
the large zero field splittings which were observed for the 
sites reported in this thesis. The X-band spectra of such 
sites is difficult to interpret because of the strong 
magnetic field mixing of the crystal field states which occurs 
for low field strengths. 
3+ It was also used for the Er 
measurements because of the availability of a liquid helium 
dewar to fit this machine, and because of the greater 
resolution available at Q band. 
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( 1 )  The X Band Spectrometers 
Room temperature spectra were recorded on an X-band 
machine constructed by Dr T. J. Seed. The static magnetic 
field (0-11 Kg) is provided by a Varian 1 2 "  electromagnet and 
is stable and homogeneous (over the sample volume) to within 
2 ppm. The field is measured by an NMR probe to within ± 1  
gauss, and the microwave frequency by a frequency 
converter/counter to 1 part in 10 6. The microwave circuit 
employs a circulator rather than a magic tee but is otherwise 
of conventional design. The TE 10 2 cavity described by Hutton 
and Seed3 0  was used in this work since it features the 
convenience of two orthogonal axes of sample rotation. A 
Teflon tuning screw was added to provide for frequency 
adjustment. 
The reorientation experiments described in Chapter VIII 
required measurements ranging from -2 0 0
°c to +2 0 0
°c which were 
not possible on the spectrometer described above. Instead , 
the Varian E-12 spectrometer of the Chemistry Department was 
used. This machine was equipped with the Varian V-4 2 57 variable 
temperature accessory, which had a thermal stability of ± 1°K. 
The calibration of this accessory was unsatisfactory and so a 
Copper-Constantan thermocouple was glued to the sample with 
epoxy resin. 
(2)  The Q Band Spectrometer 
The Q band spectrometer was originally constructed by Dr 
D . R. Hutton and was inherited by the author and his fellow 
student Mr P. T .  McMahon . A block diagram of the spectrrnneter 
is given in Figure 4. The following improvements have been 
made to the machine during this thesis work . The original 
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magnetic field system could only cover the range 3- 1 5 Kg in 
three manually switched ranges. This has been replaced by a 
current regulated genemoter system which can provide .2 Kg to 
20. 6 Kg in a single continuously variable range. The original 
field sweeping unit, based on motor driven potentiometers, has 
also been replaced with an electronic ramp generator of variable 
output voltage and time constant. The maximum and minimum 
field sweep rates with the new unit are 10 kg/min and 5 g/min, 
the latter being a significant improvement over the original 
system. A new transistorised automatic frequency controller 
(AFC) was installed, replacing the old valve design which was 
found to lack sufficient gain for low Q cavities, and to be 
unreliable in operation. Provision was made in the new AFC 
for sweeping the klystron (EMI type R5 1 46)  through its 
oscillation mode so as to facilitate tuning to the resonant 
frequency of the cavity. 
The block diagram of the machine (Fig. 4)  in its present 
form shows that it is of conventional homodyne design. Most 
of the cavities are of fixed iris design and so the slide 
screw tuner is used to bias the detector crystal (type SIMS) 
to its linear response region. Two �agnetic field 
modulation frequencies are employed; 50 Hz for visual 
presentation of the EPR signal on an oscilloscope, which is 
useful for sample alignment adjustments, and 660 Hz for 
greater sensitivity using a tuned phase sensitive detection 
system and an XY recorder. The sensitivity of the equipment 
· · 1 5 · h '  h b d with the is . estimated at 10 spins, w ic may e compare 
figure of 10 1 1  spins quoted for the ·x band Varian machine 
discussed previously. One method of improving the signal to 
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noise ratio, and hence the sensiti vity, is to inc · ease the 
modulation frequency since the noise generated by the crystal 
detector is inversely proportional to that frequency. 
Equipment for 1 1 0 kHz modulation is currently under 
construction. 
The features of the machine which affect measurements are: 
(a ) Magnetic Field Homogeneity and Stability. At low 
fields (� 5 kg) the field is well behaved with an inhomogeneity 
3 of about ± 1  gauss over 1 cm of the central region between the 
pole pieces, and an instability of ±1. 5 gauss o ver a few 
minutes. However, the field homogeneity falls off rapidly with 
increasing distance from the axis of the 8 '' ddameter coned 
pole-pieces. At high fields (15-20 kg ) the inhomogeneity 
rises to ±5 gauss in the central region, and the short term 
stability similarly diminishes to about ±5 gauss for periods 
of a few minutes. 
(b ) Magnetic Field Measurement. NMR measurements of field 
strength using glycerin� as a sample were used wherever 
possible. The NMR probe coil was placed coaxially with the ESR 
cavity to minimise field inhomogeneity effects. Five probes 
built by the author covered the range 2-20 kg in o verlapping 
steps when used with the marginal oscillator circuit of Troup 
3 1  and Hutton . A Varian FH- 20 Hall effect magnetometer was 
used for fields less than 2 kg. This device was also used to 
measure fields from 0 - 20  kg when the Janis dewar was in position, 
since the dewar tail filled the entire central magnet region. 
The field outside this region was generally too inhomogeneous 
to enable NMR measurements to be performed. The FH-20 
magnetometer was always calibrated immediately after a low 
3 3  
temperature experiment by the NMR magnetometer with the dewar 
removed. The estimated uncertainty of measurement was ± 2  
gauss with the NMR probe and ± 4  gauss with the FH- 20 
magnetometer. 
(c) Microwave Frequency. This was measured by cementing 
a small speck of di phenyl picryl hydrazyl (DPPH) to the 
sample. The resonance condition and the g value (2. 00 36) of 
this substance can be used to determine the microwave 
frequency . 
(d) Resonant Cavity Design. TE0 11 cylindrical cavities 
were used since they have a high Q value which is relatively 
insensitive to lossy material placed along the cylinder axis. 
The cavities were electroformed from copper and side coupled 
to various wave guide feed arrangements so that their axes 
could be either vertical or horizontal. Samples were glued to 
the Teflon sample holders by epoxy resin, and both components 
were inserted along the cylinder axis . Cavities with 
horizontal axes were equipped with worm and pinion or string 
drive mechanisms to rotate the sample holder about this axis. 
The worm and pinion technique was used for all cavities 
intended for low temperature usage. 
(e) Cryogenic Techniques. A Janis liquid helium dewar 
with a variable temperature exchange gas accessory was 
acquired during the period of this research. A cavity which 
fits the small space available in the dewar tail but which 
still retains the attributes of orthogonal rotation axes, 
variable frequency, and vertical RF field, was designed by 
the author. This cavity is illustrated in Figure 5. 
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Fig 5 :  The Q-band( 3 5  GHz ) resonant cav ity used for measurements at 
liquid  helium temperatures . 
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It was found that at low temperatures the 660 Hz 
modulation field from the pole-piece modulation coils did not 
penetrate through the inner copper tail of the dewar because 
the skin depth of copper under these conditions is comparable 
with the tail thickness. The possibility of producing the 
required modulation within the cavity itself was investigated 
by inserting two taut copper wires of . 008" diameter along the 
length of cavity, i� e� parallel to the RF magnetic field. This 
arrangement satisfactorily produced modulation fields of up to 
one gauss, but in a magnetic field the wires vibrated due to 
the i 1 x B  force and modulated the cavity resonance. The 
resulting 660 Hz signal was larger than typical EPR signals 
for fields above about 4 kg. Using larger diameter wires 
reduced the vibrational amplitude but also reduced the cavity 
Q, and so this approach was abandoned. Instead, coils of l cm 
diameter comprising 50 turns of copper wire were attached to 
the outside of the brass cavity. This method was generally 
satisfactory, but for fields above 15  kg some vibrational· 
effects, presumably of the cavity walls, were observed. 
The copper dewar tail also caused some problems with the 
50 Hz modulation from the pole piece coils because of joule 
heating produced by the induced eddy currents. The cavity 
temperature typically rose from 6bK to 20°K after several 
minutes if the exchange space contained only helium gas. 
Condensing some liquid helium 1n the exchange space cured this 
problem but appreciable boil off from the liquid helium 
reservoir still occurred. It was not possible to apply the 50 
Hz modulation to the cavity coils because of the high 
amperages involved. 
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The cavity temperature could be varied between 6°K and 
40°K by adjusting the exchange gas pressure and the current 
passing through the heater. A semiconductor diode (the base­
collector junction of transistor type 2N36 46) was used as a 
temperature sensor by measuring the voltage drop across it 
under conditions of constant forward current (20 µA) . This 
device was convenient because the voltage-temperature 
relationship was almost linear from 300°K to 60°K, with 
0 6V/6T � 2 mV/ K. At lower temperatures the relationship was 
non-linear but the sensitivity increased. However, the output 
voltage below about 20°K was found to be strongly dependent 
on the magnetic field strength and so a chromel-gold/iron 
thermocouple was added for use in this region. The gold/ iron 
alloy ( . 0 3 % Fe) has the advantage of a high thermopower 
at low temperatures. 
Electronic automatic temperature control units were used 
with both types of sensor to stabilize the cavity temperature 
to within . 5°K by controlling the heater current. For 
0 measurements at 4 . 2  K a  cold finger plug was attached to the 
base of the cavity in place of the optical access plug, and a 
small quantity of liquid helium was condensed in the bottom of 
the exchange space by overpressurising the helium gas. 
Two modifications to the original cavity design were 
found to be necessary after tests. Inserting the teflon sample 
holder into the empty cavity considerably reduced the Q factor 
due to dielectric losses in the teflon close to the cavity 
walls where the RF electric field is at a maximum. This 
problem was reduced by hollowing out the sample holder. The 
3 7 
cavity was originally attached to 80 cm of thin wal led 
sta inless steel waveguide to provide thermal insulation, but 
it was f ound that the heavy microwave attenuation resulted in 
very l ittle mi crowave power reaching the detector. Brass 
waveguide was therefore used from the cavity to within 20 cm 
of the exit from the dewar. The remaining section of stain­
less steel provided adequate thermal insulation without 
produc ing excessive microwave attenuation . 
IV. DIELECTRIC LOSS MEASUREMENTS 
The reorientation of  Gd3
+
-anion dipoles in calc ium 
f luoride was studied by the dielectric loss technique using 
the instrumentation fac i l ities of the CSIRO D ivision of Appl ied 
Physics, Sydney , Austral ia. The dielectric loss spectrum of  
samples was examined from 100 kHz  to 10  MHz with a substitution 
bridge described by Dryden and Weir 32. These authors also 
describe the sample cel ls and electrodes used in this work. 
Measurements from 1. 6 :I z to 160 kHz were made on a direct 
reading audio bridge whi ch is a mod i f ied version of that 
3 3  described by Thompson . 
The crystal samples were ground approximately plane 
paral lel, but it was sti l l  necessary to correct the results 
for the smal l air gap between the wedge-shaped sample and the 
top electrode. If E 11  is the measured complex part of  the m 
permittivity and s " the corrected value then 
E "  = 
where s ' ,  
I 2 ( E ) E II Z--.- m ' app 
E ' are the true and apparent real parts of  the app 
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permittivity. This result follows from simple circuit theory 
by considering the air gap to be a series capacitor. 
0 0 Sample temperatures between 300 K and 200 K were 
obtained by immersing the sample cell in an alcohol bath. The 
large thermal mass of the bath ensured that the sample 
temperature did not fluctuate by more than . S
°K during a 
measurement . For measurements below 200 °K a different cell 
was used in which the electrodes and sample were cooled by a 
(variable) flow of cold nitrogen gas or liquid. The 
temperature stability over the measurement period for this 
cell was no better than ± S
°K because of fluctuations in the 
flow rate of refrigerant through the cooling coils. 
CHAPTER IV 
ELECTRON PARAMAGNETIC RESONANCE SPECTR1\ OF ALKALINE EARTH 
FLUORIDE CRYSTALS CONTAINING TRIVALENT GADOLINIUM 
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The Electron Paramagnetic Resonance (EPR) spectra of 
hydrogenated alkaline earth fluoride crystals containing 
trivalent rare earth ions shows a large number of 3bsorption 
lines ; typically 100 for gadolinium. Most of these lines also 
occur in the crystals before hydrogenation and so must be due 
to rare earth ions in sites not associated with hydrogen. 
Several of these lines have been reported in the literature 
and assigned to specific sites. However, in many cases the 
published data is incomplete or in error and so a re­
evaluation of the previous work seemed warranted. 
This chapter reports briefly on the observed spectra and 
in more detail on the technique used to re-evaluate the spin 
Hamiltonian parameters. In addition, the possible inclusion 
of the Bleaney-Koster terms in the spin Hamiltonian is 
discussed. New results are reported for calcium fluoride 
crystals doped with both gadolinium and alkali metal ions. 
I. EPR SPECTRA OF GADOLINIUM IONS IN THE ALKALINE EARTH 
FLUORIDES 
(1) Gadolinium Ions in Calcium Fluoride 
Calcium fluoride crystals containing . 0 5 %  GdF3 showed a 
strong tetragonal EPR spectrum from three magnetically 
inequivalent sites, and also a cubic spectrum at about one 
tenth the intensity. The tetragonal spectrum has been ascribed 
4 0  
to a Gd 3+ ion charge compensated by an F interstitial at 
either the (±1, 0, 0) , (0, ±1, 0) or (0, 0, ± 1) positions in the 
lattice34 ' 3 5. The cubic site is due to Gd 3
+ ions with the 
charge compensating ion at least three lattice spacings away. 
The EPR spectra for H parallel to the (001) crystal axis at X 







, or those doped with 
GdF
3 
wh ich have been heated in an oxygen atmosphere, show only 
a strong trigonal T2 spectrum from four magnetically 
inequ ivalent sites. Crystals doped with GdF
3 
which are heated 
in a wet hydrogen atmosphere show in addition another trigonal 
spectrum (Tl) . Both sites have the three-fold axis along the 
( 1 1 1 ) direction. Reddy et ai . 36 have established the models 
d 3+ 2 - - f . . 1 . h .  h f . an RE O F7 or two simi ar sites w ic orm in 
calcium fluoride on the basis of their ENDOR 
measurements; both of these site structures are illustrated in 
figure 8 . 
It is reasonable that the two Gd 3+ sites have the same 
structures, and it is proposed here 
3+ 2 - -from a Gd (0 ) 4F 
site and the T2 
site. This association of the Yb 3+ 
that the Tl spectra arises 




and Gd3+ sites is based on 
(a) a comparison of the crystal growth conditions used here 
with those reported for the Yb 3
+ 
sites by McLaughlan and 
77 2-Neumann , (b) on the argument that there are insuffic ient 0 
ions in oxide doped calcium fluoride for all the Gd3+ sites to 
have the Gd 3+ (o2-) 4F
- structure, and (c) on the observation of 
Kitts7 8  of dielectric relaxation in crystals which showed the 
Tl EPR spectrum. The s ignificance of (c) is that although 
both structures carry a net electric dipole moment , only in 
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4 3 
3+ 2 -the RE - (0 ) 4-F case can the dipol e axis be real igned (by 
44 
an F -vacancy interchange) and so give rise to an I. T. C. peak. 
The Q band T l  and T2 spectra for H para l l el to the ( 1 1 1) 
axis are shown in figure 9. For both spectra onl y  six strong 
tripl et l ines are observed when seven are expected. Using the 
parameters in tabl e 3 the position of the seventh l ine was 
predicted and a weak, broad l ine was observed w ithin 5 gauss 
of the predicted position. 
(2)  Gadol inium Ion.s in Strontium Fl uoride 
Strontium fl uoride crystal s  doped with . 05 %  GdF3 showed a 
strong tetragonal spectrum simil ar to that in cal cium f l uoride, 
and a l so a weaker trigonal spectrum (T4) , No cubic spectrum 
was observed. The trigona l spectrum has not yet been 
definitel y identified, but a proposed model has an interstitial 
F- ion at the nearest empty cube al ong the (1 11) direction 3 7. 
This woul d produce a weak trigonal perturbation on the cubic 
crystal fiel d as is apparent in the T4 spectrum. 
Heating such crystal s  in an oxygen atmosphere converts 
both of the abo ve sites into another trigonal site anal ogous 
to the T2 site in CaF 2. No ana l ogue of the T l  site was 
observed. 
(3) Gadol inium Ions in Bar ium Fl uoride 
Barium fl uoride crystal s  doped with . 05 %  GdF3 showed a 
cubic spectrum and a strong tr igonal T4 spectrum. These 
spectra were not examined in detail s ince accurate spin 
38 Hamil tonian parameters have been eva l uated by Boatner et a l .  , 
and also by Antipin and Kurkin5 3. The l atter authors comment 
· 1 f s · 4 3 f th unfavourabl y  on the previous resu ts o ierro or ese 
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l.'1 
sites. An intensive search failed to find a tetragonal 
spectrum analogous to that observed in calcium and strontium 
fluorides. 
Crystals which were subjected to the hydrogenation 
treatment showed a weak trigonal T2 spectrum which has not 
been previously observed. This spectrum appeared to be 
caused by water vapour contamination in the hydrogen gas. 
( 4 )  Summary of Charge Compensation Mechanisms for 
Gadolinium Ions in the Alkaline Earth Fluorides 
4 6  
These results show that the relative stability of the 
various charge compensation arrangements for untreated 
crystals doped with rare earth fluoride depends markedly on 
the particular host lattice. For calcium fluoride the 
tetragonal interstitial fluoride ion site is predominant, for 
strontium fluoride both the tetragonal interstitial fluoride 
ion and the trigonal (T4) sites are stable, while for barium 
fluoride only the trigonal symmetry site is observed. 
It is difficult to predict whether a similar trend would 
3+ be expected for Gd sites associated with hydride ions in 
hydrogenated crystals. The situation is complicated by the 
possibility of sites involving substitutional hydride ion.s in 
addition to an FI or HI compensator. Also the ionic radii 
of the F and H ions are significantly different, l. 33i and 
0 
1 . 54A respectively. However, if a simple tetragonal 
Gd 3+ - . d . 1 i' t . bl th t . t -HI s ite oes exist t�en is
 reasona e a i s  
stability will diminish from calcium to strontium fluoride. 
II. EVALUATION OF SPIN HAMILTONIAN PARAMETERS FOR GD
J + 
(1) Numerical Technique 
4 7  
The spin Hamiltonians for the ground state of Gd3+ (B S ) 7/2 




- 4 2106 ) , 
B (g,1/
H S  + g (H S + H S ) ) + B O O O + B OO O � Z Z L X X y y 2 2 4 4 
( 4 • 1) 
The nuclear spin I has been omitted since hyperfine 
structure is not usually resolved in Gd 3+ EPR spectra. The 
operators O m, and their matrix elements, are given by 
h · 39 h O h 1 d . 1 Hutc 1ngs . T e  operators O and S ave on y 1agona n z 
- m elements whilst the operators O (m 1 0) and S , S  have only n X y 
off-diagonal elements. The diagonal terms are usually greater 
in magnitude than the off-diagonal for H// z  and so their 
values may be simply obtained by a first order perturbation 
calculation. The off-diagonal terms onty affect the eigen­
values in second order perturbation for H// z  and so they are 
best evaluated from the spectrum for some other direction. In 
general they cannot be obtained by a simple perturbation 
theory type calculation of the sort described above. 
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In order to accurately evaluate all the S . H. parameters 
it is necessary to resort to numerical diagonalisa tion of the 
S. H. matrix on an electronic computer. A program was written 
(by the author) which provides a least squares fit of the 
parameters to the observed spectrum in the sense that the mean 
square deviation (M. S. D) given by 
M . S . D .  = l 
N 2 
N I (hv-6E . ) , i=l l 
is a minimum. Here v is the microwave freq\.1ency and 6E . is l 
the energy difference of two levels at a field value of H . . l 
The program proceeds by diagonalising the S . H. for estimated 
values of the parameters for each H . , and selecting the 
initial and final states ( � . and � . ) involved in the i
th 
l l 




hv, and by comparing the calculated and theoretical transition 
probabilities. The parameters are then refined by solving the 
usual least-squares normal equa tions. The derivatives 
required in setting up the normal equations may be calculated 
in first order from the eigenvectors: 
o 6E . l 
o B  m n 
= 
where the � . , � . are eigenvectors of the spin Hamiltonian. l l 
Repeated iterations of the procedure are performed until the 
reduction in the M. S . D. is negligible. The problem of complex 
matrices which arises for non-zero H can be overcome by the 
. . 4 0 usual superma tr1x technique 
4 1  Buckmaster et al. have recently published an 
alternative procedure for performing the same least squares 
fitting. Their fitting proceeds by testing the parameters 
B m + p6B 
m (p = -5, -4, • • • , 4 , 5) to determine the value of p n n 
49 
which gives the minimum M. S. D. m The spread factor 6B is then n 
reduced ten fold and the process repeated. This procedure is 
inefficient since it requires many diagonalisations. 
Another unsatisfactory aspect is that transitions are 
considered to occur only between states which are adjacent in 
order of energy magnitude. This assumption does not appear to 
have any physical justification. 
Since any parameter-evaluation routine fits parameters to 
energy differences, only the relative signs of the parameters 
may be determined. The overall sign must be determined by 
observing the relative intensities of the lines at very low 
temperatures. Here the overall signs found in the previous 
46 work were assumed to be correct . 
( 2)  Spin Hamiltonian Parameters for Gd
3+ in Calcium and 
Strontium F luorides 
The S. H. parameters evaluated by this author for various 
sites of Gd 3+ in calcium, strontium and barium fluoride 
b m crystals are given in tables 2, 3 and 4 .  These parameters n 
are related to the B m in equation (4. 1) by, n 








m = 1260B6 . 
The accuracy of fit is indicated by the standard 
deviation of the observed and predicted transition frequencies, 
and also by the standard deviation of the observed and 
predicted field strengths. . 
4 2, 4 3  d v ·  k . t Sierro an ino urov e 
4 4  4 5  4 G  f h al. ' ' have measured the S. H. parameters for some o t e 
S ite 
3+ -
No . of  









0 4 4 S . D .  
field g
.L 
b4 b4 b6 2 6 (gauss)  






Gd -FI 1 . 9 924 ( 5 ) * 1 . 992 3 ( 5 )  ± . 1 1262 ( 6 )  ± . 00204 ( 4 )  ± . 00006 ( 2 )  ± . 01406 ( 16 )  + . 00036 ( 30 )  2 . 3  -4 14 ( 100 )  2 . 1  X 1 0  Q Edgar 
SrF
2 
1 . 9 92 ( 3 )  
3+ 
Gd -FI 1 3  ( 100)  1 . 9 92 0 ( 5 )  
CaF 
2 
1 .  9920 ( 10 )  
1 .  99 30 ( 10 )  
1 1  ( ]  00)  1 . 9924 ( 5 )  
5 X 1 3  ( 100)  1 . 9920 ( 3 )  
1 2  ( 100 )  1 . 9918 ( 5 )  
NOTE : 
m - ] A l l  values o f  b in cm 
± . 1 1 2 3 ( 7 )  ± . 0020 ( 3 )  ± . 00006 ( 36 )  ± . 0057 ( 20 )  ± . 00070 (410 )  
1 . 9920 ( 5 )  - . 14 878 ( 7 )  - . 00231 ( 4 )  - . 00007 ( 2 )  - . 01476 ( 16 )  + . 00051 ( 30 )  . 6  
- . 14 840 ( 30 )  - . 00230 ( 7 )  - . 0000 7 ( 3 )  - . 01458 ( 1 7 )  . 0  -
- - . 14882 ( 4 7 )  - . 0022 9 ( 16 )  - . 00006 ( 1 2 )  - . 01 5 17 (66 )  . 000 ( 7 )  -
1 .  99 20 ( 5 )  - . 1484 1 ( 7 )  - . 0022 9 ( 4 ) - . 00007 ( 2 )  - . 014 63 ( 1 7 )  + . 00062 ( 30 )  . 9  
1 . 992 0 ( 3 )  - . 1487 4 ( 4 )  - . 00231  ( 3 )  - . 00007 ( 2 )  - . 01477 ( 1 2 )  + . 0005 2 ( 2 2 )  2 . 3  
1 . 9923  ( 5 )  - . 14868 ( 7 )  - . 00230 ( 4 )  - . 00009 ( 2 )  - . 0147 3 ( 1 7 )  + . 0004 7 ( 30 )  . 9  
. 9  X 10 
-
-
. 8 X 10 
2 X 10 













4 2  
Edgar 
Vinokurov 
et a l . 4 5  
Si erro 
4 2  





*The bracket encloses the uncertainty expressed in uni ts of the last significant digi t .  
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No . of 
. Field Lines Orient . 
mea s .  
1 1  ( 1 1 1 )  
- -
- -
1 0  ( 1 1 1 )  
- -
1 3  ( 1 1 1 )  
- -
( 100)  18 ( 1 1 1 )  
- -
1 1  ( 1 1 1 )  
g// 
l . 9918 ( 5 )  
1 . 9900 ( 30 )  
l .  9920 ( 10 )  
1 . 99 2 5  ( 8 )  
1 .  9900 ( 2 0 )  
1 . 9910 ( 5 )  
1 .  992 
1 . 9920 ( 5 )  
l .  9920 ( 3 0 )  
1 .  9928 ( 5 )  
TABLE 3 







b 0 b 
3 
b 3 b 
6 S . D . S . D .  g
.1. 2 4 6 4 6 6 Field Freque:1cy Author 
- 1  (cm ) 
1 . 9918 ( 5 )  - . 1 6692 ( 7 )  + . 0026 3 ( 4 )  - .  0000] ( 2 )  - . 07037 ( 1 5 )  + . 00050 ( 2 0 )  - . 0002 3 ( 20 )  2 g 
- 4  
J . 9  x 1 0  Edgar 
- . 16664 ( 1 5 )  + . 00262 ( 8 )  - . 00018 ( 1 2 )  - . 00 3 1 00 ( 7 0  - . 00000 ( 18 )  - . 00093(186)  Sierro 4 2  - - -
- - . 16678 ( 3 3 )  + . 00260 ( 7 )  - . 0000 ( 4 )  - . 0707 2 ( 17 )  - . 00167 ( 1 7 )  . 0  - - Vinoku�gv 
et al . 
1 . 9925 (8 )  + . 17044 ( 1 1 )  ± . 00201 ( 8 )  + . 00001 ( 2 )  + . 04 7 88 ( 2 0 )  + . 0014 5 ( 40 )  + . 00097 ( 4 )  
- 4  
2 . 5 g 2 . 4 x l0 Edgar 
- ± . 0407 3 ( 8 )  ± . 0014 1 ( 4 )  ±0 . 00000 ( 4 )  ± . 00 119 ( 2 3 )  ± . 00007 ( 1 8 )  ± .  0009 3 ( 9 3 )  - - S ierro 
1 . 9914 ( 5 )  ± . 04092 ( 7 )  -
-4 ± . 00138 ( 4 )  ± 0 . 00000 ( 2 )  + . 02326 ( 1 5 )  ± . 00010 (20 )  ± . 00049 ( 2 0 )  1 . 2  g l . l x lO Edgar 
± . 0 1 380 ( 80 )  ± . 004 08 ( 4 )  - - - -
1 . 9918 ( 5 )  ± . 01356 ( 6 )  ± . 00278 ( 4 )  ± . 0000 2 ( 2 )  ± . 07849 ( 1 5 )  + . 00040 ( 2 0 )  ± . 00048 ( 2 0 )  
- ± . 18162  ( 8 )  + . 00201 ( 4 )  ± . 00030 ( 6 )  ± . 00138 ( 1 2 )  ± . 00000 ( 4 )  ± . 00000 ( 9al) 
1 . 9920 ( 5 )  ± . 18151 ( 7 )  + . 00228 ( 4 )  ± . 0000 ] ( 2 )  ! . 0 558 3 ( 1 5 )  ± . 00032 ( 20 )  + . 00054 ( 2 0 )  
- - Sierro 
-4 
l . 4 g l . 3 x l0 Edgar 
- - Sierro 
- 4  
] . 2  g 1 . 1  X 10 Ecgar 
4 2  
4 3  
4 2  
5 2  
Gd 3+ sites listed, and so their results are also tabulated for 
comparison. It can be seen that the results here for g, b O n 
compare favourably with those of the other workers, but that 
there is some disagreement for the parameter b m with m f O. n 
Some of Sierra ' s  values for these parameters appear to be in 
error because they differ markedly from both those of 
Vinokurov et al. and the results reported here. The two 
latter sets of results differ for the parameters b m (m f 0) . 
n 
Vinokurov et al. determined these parameters by transforming 
the S. H. so that the Zeeman term was diagonal with the field 
1 th . f . l d 1 . 4 7 d at an ang e to e axis o symmetry. Wei er an Wy ie , an 
4 8  Buckmaster et al. have recently published transformation 
formulae for operators O m and T m respectively. Using these n n 
results, it appears that there are several errors in 
Vinokurov et al ' s  transformed spin Hamiltonians for both c
3v 
and c4v symmetries. 
be reliable. 
Hence their values of b m (m f 0)  may not n 
In conclusion, the least squares fitting procedure 
discussed in this section appears to perform satisfactorily and 
yields results slightly superior to those of previously used 
procedures. Consequently it has been used throughout the later 
3+ chapters to analyse new Gd spectra. 
(3) The Bleaney-Koster Terms 
It was shown in Chapter II that additional terms linear 
in the magnetic field (the "Bleaney-Koster terms" )  were 
permitted in the 8 s712 
spin Hamiltonian for c4v symmetry. 
It 
would be expected that a difference between the usual S . H. 
parameters derived from Q band (h igh field) and X band (low 
field) spectra would be detected if the coefficients of these 
5 3  
extra terms were non-zero and they were omitted from the S. H. 
A sma l l  
3+ -Gd -F /CaF2 
that derived 
difference (6b2 
0) in the values 
derived by the author from his 
by Vinokurov et al. from their 
of b2 
0 for 
Q band data and 
X band data was 
noticed (Table 2) . The author 's analysis of the published X 
49 band magnetic field data of Franklin and Marzullo gave 
similar results. (The data of Sierro is insufficiently 
precise. ) To reduce experimental uncertainties, the Q band 
parameters were rederived from five separate measurements, but 
practical ly 
0 6b2 cannot 
0 the same value of b2 was obtained. The value of 
therefore be explained by inaccuracy in the Q band 
parameters, since it is five times larger than the 
. 1 . . b O experimenta uncertainty in 2 . 
Fitting both X and Q band data with an S. H. augmented by 
al l nine extra B-K terms (derived in Appendix 2) was 
considered impractical due to the l arge number of parameters 
involved. An attempt to fit the spectra with the addition of 
0 the T3 (S) term only, resulted in a negligible decrease in the 
goodness of fit. Consequently the X band spectra was 
0 remeasured by the author; the value of b2 thereby obtained 
agreed to within . 0000 5 cm-l of the Q band value. The reason 
0 for the difference between this authors X band value of b2 
and that of the other workers is unknown; pos sibly a slightly 
different measurement temperature may be the cause. 
It is  concluded that the Bleaney-Koster terms are 
unnece� sary for the experimental accuracy presently available, 
and they wil l be omitted in subsequent discussions of the 
gadolinium EPR spectra. 
III. EPR SPECTRA OF CALCIUM FLUORIDE DOPED v7ITH BOTH SODIUM 
AND GADOLINIUM IONS 
5 4  
Gilfanov et ai. 50 have investigated the optical spectrum 
of Gd 3+ ions in calcium fluoride co-doped with GdF
3 
and MeF 
(Me = Na, K, Ag) . They proposed that the Gd
3+ ion can be 
charge compensated by a monovalent cation substituting for the 
divalent calcium at the (110) position, to give the site of 
c2v 
symmetry shown in Figure 10.- It should be interesting to 
t d th 1 t h · t t · for a Gd3+ L .
+ · t f s u y e e ec ron-p onon in erac ion - i si e o 
this type since lithium is a low mass atom with two readily 
· 1 bl . t L · 6 d L ' 7 avai a e iso opes i an i . 
Attempts to produce such a site by adding up to 3% 
(atomic) LiF to the melt were unsuccessful, probably due to 
the large mi.sma tch between the Li+ and Ca 2+ ionic radii 
0 0 . 
(0. 68A and 0. 99A respectively) . The EPR spectrum revealed a 
3+ strong tetragonal Gd -FI k d
3+ b' spectrum, a wea G cu ic spectrum, 
and an unidentified line near g = 2. 0. The spectrum of 
+ 0 crystals grown with up to 3% K (ionic radius = 1. 3 3A) was 
50 very si�ilar, although Gilfanov et al. managed, with some 
3+ + difficulty, to observe the Gd -K rhombic site optically. 
However, crystals doped with Na+ (ionic radius = . 97�) showed 
a distinctive rhombic spectrum (Fig. 11) whose intensity 
depended upon the amount of NaF added to the melt. A 
correlation between the optical spectrum observed by Gilfanov 
et al. ,  and the EPR spectrum was attempted to confirm that 
they originated from the same Gd 3
+ 
site. Since absolute 
intensity measurements are very difficult to perform in EPR, 
the intensity of the rhombic site was in each case measured 
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TABLE 4 




No . of 
Field s . o .  s . o .  




6 field frequency 
Frequency Author 
Meas . 
( 10 0 )  1 . 99 2 2 ( 5 )  - . 00467 ( 5 )  - . 00001 ( 1 )  . 6  g 
-4 
1 4  ( 1 1 1 )  
. 5  X lo X Edgar 
1 . 9918 ( 1 0 )  - . 00466 ( 3 ) - . 00001 ( 4 )  X Ryter 
51 -
TABLE 5 
. . f . l d f d
3+ ub ' . d 
3+ + · 
Intensi ty Ratios or Optica an EPR Spec tra o G c ic sites  an Gd -Na rhombic  
Nominal Nominal 
3+ + 
Gd at % Na at % 
. 05 . 7 5 
. 0 5 . 2 5 
. 05 1 . 5  
site s  in calcium fluoride 
EPR Intensity 
. t Ratio 
l 
. 68 ± 10%  
. 3 2 ± 10%  
Optical Tetragon�l F site observed 
. . t . Intensity Ra tio EPR Optical 
l X X 
. 7 1 ± 1 5 %  / / 
. 38 ± 1 5% X X 
t . . h The ratio is t e ( normalised ) cubic/rhombic intensity ratio . 
Vl 
m 
No . of  
Field  Lines Orient . 
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12  ( 100 )  1 . 9920 ( 10 )  . 0044 2 ( 20 )  . 00495 ( 20 )  . 00090 ( 20 )  - . 02 3 1 0 ( 2 5 )  - . 01 64 2 ( 2 5 )  . 00014 ( 20 )  . 00074 ( 30 )  . 00007 ( 30 )  . 00158 ( 30 )  
l .  9922  . 00117 ( 1 )  - . 02 3 3 5 ( 2 5 )  - . 01751 ( 1 6 )  . 00002 ( 2 )  . 00007 ( 7 )  - . 00014 ( 14 ) + . 0001 5 ( 1 5 ) 
S . D .  S . D .  
field frC.£!:i:l · 
(cm ) 










relative to the cubic site. In the EPR spectrum the lowest 
field lines of the rhombic and cubic sites were chosen, and 
0 in the optical spectra the rhombic line at 3206 2. lA and the 
cubic line at 320 9 2. 6R .. These lines best fitted the criteria 
of high resolution and minimal overlap; their intensities were 
found by integrating with a mechanical planimeter. The 
intensity ratios (normalised) are given in Table 5. 
The table shows that there is a satisfactory correlation 
between the optical and EPR spectra. It is also evident that 
the ratio of cubic to rhombic sites depends markedly on small 
changes in the crystal growth conditions and not just on the 
nominal Na+ concentration. The disappearance of the 
3+ - . . . . + . tetragonal Gd -� site with increasing Na concentration is 
expected since the addition of NaF creates F ion vacancies 
which can be filled by interstitial F ions. 
The EPR spectrum of the rhombic site was very similar to 
. h 1 S 2 3+ + . . Cd that observed by Smit and Co e for Gd -Na pairs in F2. 
For arbitrary directions of the field six distinct spectra are 
observed since there are a total of twelve possible sites for 
h + . 1 . h d 3
+ . d . . 1 t d t e Na ion re ative to t e  G ion, an inversion re a e 
pairs of sites are magnetically equivalent. If the principal 
axes ( x , y , z ) for one site are defined as (llO) ,  (00 1) , (110) 
then the c2v spin Hamiltonian has the form: 
jl S (g H S + g H S + g H S )  + 
X X X y y y Z Z Z 
3 n 
I: I: 
n=l m= O 
B 2m - 2m 2n °2n 
( 4 • 2 )  
The accurate evaluation of all 12 parameters in equation ( 4 . 2 )  
would require the spectrum to be measured at several different 
field orientations. This is difficult because the large number 
59 
of inequivalent rhombic sites , and the Gd 3+ cubic spectrum, 
result in a complex spectrum of many overlapping lines for 
arbitrary field orientations. Consequently the rhombic 
spectrum was only measured for H along the (100 ) direction 
where one set of four-fold degenerate , and one set of two-fold 
degenerate lines were observed. The number of parameters in 
equation (4. 2 )  can be reduced to 10 by the observation that the 
g value of Gd 3
+ 
is usually almost isotropic. Fitting these 10 
parameters to the 12 identified lines for H along 100 
resulted in the values shown in Table 6. For comparison the 
cubic parameters have been expressed in the (xyz ) axis system 
and tabulated below the rhombic values. It can be seen that 
the rhombic crystal field is a moderately weak perturbation on 
the cubic crystal field, as would be expected for a screened 
compensator such as the Na+ ion in a next nearest neighbour 
site . 
ABSORPTION 
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I. THE EPR SPECTRUM OF HYDROGENATED CRYSTALS OF GADOLINIUM­
DOPED CALCIUM FLUORIDE 
Crystals of calcium fluoride doped with . 05%  gadolinium 
fluoride which have been hydrogenated show EPR spectra 
characteristic of three different Gd3+ sites. The two 
dominant sets of lines are due to the cubic Gd3
+ 
site and the 
3+ tetragonal Gd -FI site, as may be seen by comparing the 
spectrum of the hydrogenated crystals (Fig. 1 2) with that of 
the untreated crystals (Fig. 7) . The absorption lines of the 
third set form a satellite structure around the spectrum of 
3+ - . the tetragonal Gd -FI site, and the lines are typically one-
third as intense as those of the latter site. The EPR 
spectrum of this new Gd3+ site also has tetragonal symmetry 
about the 001 axis. When a crystal is treated in a mixed 
hydrogen-deuterium atmosphere, all the lines of the new site 
appear as doublets. Thus the new site may be identified as 
3+ - . the hydride ion analogue of the tetragonal Gd -FI site 
shown in Fig. l . 
3+ -new Gd -HI site 
listed in table 7. 
The spin Hamiltonian parameters for this 
for all three isotopes of hydrogen are 
3+ n -Each Gd - (1H )  (n = 1, 2 or 3) site is 
characterised by a distinct value of b2 , but the other 
parameters are identical to within the experimental 
uncertainty. 
ABSORPTION 
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sites in calcium and strontium f l uorides 








1 . 99 2 1 ( 5 )  
g
..L 






- . 18414 ( 5 )  - . 002 39 ( 5 )  




- . 00009 ( 3 ) - . 01148 ( 1 5 )  + . 0007 5 ( 30)  
No : of  S . D .  S . D .  Lines 
Field Frequ�cy 
Meas · gaus� ( cm - } 





K 1 . 99 38 ( 10 )  1 . 9911 ( 1 0 )  - . 19232 ( 10 )  - . 00254 ( 1 0 )  - . 00005 ( 6 )  - . 01 1 3 8 ( 30 )  + . 00088 (60 )  8 l . 3  1 .  2 X 10 
3+ -Gd -DI CaF2 1 . 992 3 ( 5 )  
0 
71 I< 1 . 99 38 ( 1 0 )  
3+ -Gd -TI CaF2 1 . 9916 (8 )  
3 +  -Gd -HI SrF2 1 . 99 1 6 ( 6 )  
3+ -Gd -D
I SrF2 1 . 99 . 3 ( 6 )  
3+ -Gd -TI SrF2 1 . 99 2 7 * 6 }  
1 . 9924 ( 5 )  - . 18600 ( 5 )  - . 002 32 ( 5 )  - . 00008 ( 3 )  - . 0 1136 ( 1 5 )  + . 0005 3 ( 30 )  12  
1 . 9914 ( 1 0 )  - . 19465 ( 10 )  - . 00252 ( 1 0 )  - . 0000 5 ( 6 )  - . 011 30 ( 30 )  + . 00064 ( 60 )  8 
1 . 9924 ( 8 )  - . 18683 ( 8 )  - . 00236 ( 8 )  - . 00007 ( 5 )  - . 01 1 31 ( 20 )  + . 00034 ( 4 5 )  10  
1 . 9916 ( 6 )  - . 1 3985 ( 6 )  - . 00204 ( 6 )  - . 00006 ( 3 ) - . 011 34 ( 20 )  + . 00062 ( 40 )  1 0  + 8 
1 . 992 3 ( 6 )  - . 14 2 1 1  ( 6 )  - . 00203 ( 6 )  - . 00005 ( 3 ) - . 01 10 3 ( 2 0 )  + . 00084 ( 40 )  1 0  + 8 
l . 992l ( 6 }  - . 14 3 2 3 ( 6 )  - . 00201 ( 6 )  - . 00005 ( 3 ) - . 01147 ( 20 )  - . 00008 (40 )  10  
1 . 6  1 .  5 X 10 
-4 
3 . 0  2 .  7 X 10 
-4 




2 . 7  2 .  5 X 10 
2 . 9  2 .  7 X 10 
-4  
2 . 4  2 .  2 X 10 
-4 
-1 
Units are cm the brackets enclose the uncertainty expressed in units of the last significant digit.  NOTE : 
er, 
6 4  
A useful quantity in discussing the influence of the 
various hydrogen isotopes is the zero field splitting isotope 
shift (Z. F. S. I. S. ) .  This is defined as the difference between 
the overall zero-field splitting of the 




ground state for 
or Gd3+ -TI
-. To a 
n = 2 , 3 
and numerical values are listed in table 8. 
II. SPECTRA OF HYDROGENATED CALCIUM FLUORIDE CRYSTALS 
CONTAINING GADOLINIUM AFTER IRRADIATION WITH ULTRA VIOLET 
LIGHT 
6 Jones et al. have reported that the optical fluorescence 
3+ -spectrum associated with the Gd -HI site decays after 
3+ irradiating hydrogenated CaF2 :Gd crystals with ultra-violet 
o 3+ (u. v. ) light at 77 K, and that the lines of a new Gd site 
appear. They suggested that the new site may have the 
3+ 0 structure Gd -H  . This type of site would be interesting to 
examine by the EPR technique since both the Gd
3+ ion and the 
neutral hydrogen atom are paramagnetic. An EPR investigation 
of u. v. irradiated crystals was therefore undertaken. 
Preliminary experiments, using cold-finger and exchange 
gas dewars, indicated that u. v. irradiation did not change the 
3+ -EPR spectra of CaF2: Gd :H at all. The optical and infrared 
experiments of Jones et al. 6 were therefore repeated to confirm 
the presence of the new irradiation-induced site reported by 
these workers. 
TABLE 8 
ZERO FIELD SPLITTI NG ISOTOPE SHIFTS FOR TETRAGONAL 









Gd 3+ -D -
II 
3+ -Gd -TI 
Gd 3+-D -I 
Gd 3+-T -I 
Isotope Shift -1 (cm ) 
-. 0 2 2 3 (12) 
-. 0 2 80 (2 4) 
-. 0 3 2 3 (16) 
-. 0 271 (1 3) 
-. 0 342 ( 2 4) 
-. 0 406 (1 3) 
6 5  
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(1) Optical Spectroscopy of the New Site 
It was found that u. v. irradiation did in fact reduce the 
3+ -intensity of the tetragonal Gd -HI optical spectrum and cause 
a corresponding growth in the spectrum of a new Gd 3
+ 
site. 
These experiments largely reproduced the detailed results of 
Jones et al. 6 which will be briefly summarised below for the 
purposes of later discussion. The three main features of the 
new site spectrum are that : (a) The splitting pattern of the 
6P712 
multiplet of the new site is very similar to that of the 
3+ - 3+ -tetragonal Gd -FI and Gd -HI sites and the magnitude of 
the splitting is intermediate in value between them ; (b) The 
hydrogen/deuterium isotope shift of the electronic fluorescence 
lines is only one third the magnitude of that for the 
3+ - -Gd -HI /DI tetragonal sites, and is of opposite sign ; (c) A 
single set of vibronic transitions are observed which are 
separated from the parent electronic lines by 767 cm-l (HI
-) 
- 1  -or 5 65 cm (DI ) . 
Jones et al. 6 state that the new site is unaffected by 
short term heating above l00°K, but this author ' s  experiments 
indicate that it becomes thermally unstable at temperatures in 
the vicinity of 90°K. A two hour u. v. irradiation of a 
crystal held at 77°K by direct immersion in liquid N 2 resulted 
in a 90 % site conversion, though a similar period of 
irradiation for a crystal at 85°K clamped to a cold-finger 
produced only 30 % conversion. In both cases the new site 
3+ -rapidly degenerated back to the tetragonal Gd -HI centre 
0 when the temperature was raised to 100 K .  It is thought that 
the apparent stability of the new site above 100°K observed 
by Jones et a1. 6 may be due to regeneration of the site by the 
u. v. lamp used to excite the fluorescence. The author found 
6 7  
h t h h f · 1 . 3+ t a t e eat i ter commonly used in Gd fluorescence work 
(Corning 7-5 4, passband 2 40-400 nm) reduced the rate of site 
conversion but did not prevent it. 
A search for any vibronics other than that at 76 7 cm-l 
6 reported by Jones et al. was unsuccessful. 
( 2 )  Infrared Spectroscopy of the New Site 
No new infrared absorption spectrum was observed after a 
3+ - o CaF2:Gd : H  crystal clamped to ·a cold finger at 7 7  K was 
subjected to intense u.v. irradiation for several hours; in 
accordance with the similar null result of Jones et al. 6. It 
was considered possible, in the light of the results of the 
previous section , that the sample temperature (unmonitored) 
was being elevated above the stability regime of the new site. 
Consequently, the crystal was weakly irradiated for periods of 
up to ten hours. In this case the two absorption lines 
3+ -characteristic of the Gd -HI tetragonal site diminished and 
two new lines appeared, as shown in Fig. 13. The sharp line 
- 1  at 768 . 5  cm is in excellent agreement with the vibronic 
separation in the optical spectrum. The second line is broad 
(linewidth � 15 cm-1) and occurs at 1326 cm-l Both lines 
disappeared when the crystal was raised to room temperature for 
a few minutes and recooled. 
55 Ashbu rner and Newman have recently performed similar 
irradiation experiments and have observed two new absorption 
lines at 98 4. 3 cm-l and 997. 6 cm-l which did not appear in 
this author ' s  experiments. It is possible that the particular 
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FIG. 73 : Infra red spectrum of hydrogenated Ca F; doped 
with ·05¾ Gd r;, <AJ at 77
°
K,(BJ after 72 hours UV 
irradia tion at 77
°
K,and (C) after subsequently warming 
to room temperature and recoo/ing. Arrows mark the 
position of new absorption lines. 
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(3) EPR Spectroscopy of the New Site 
69 
The u.v . -induced site conversion was difficult to monitor 
by EPR because of the conflicting requirements of the 
irradiation and EPR techniques. A suitable arrangement was 
finally devised using a cylindrica l cavity with quartz 
windows placed inside a quartz tipped g lass dewar , as shown in 
Fig. 14. A fine capillary tube was soldered to �he bottom of 
the cavity. During irradiation the waveguide above the cavity 
was evacuated resulting in liquid nitrogen being drawn 
through the capillary and sprayed over the crystal. For EPR 
measurements the waveguide was pressurised with N2 gas and 
the liquid driven out of the cavity through the capillary. In 
this way the crystal was held at 77°K throughout the 
irradiation period ensuring adequate site conversion. 
h f h . d . d d 3
+ 
T e  spectrum o t e pre-irra iate CaF2: G  : H  crystal 
at 77°K showed many weak lines , especially over the 0 -10 kg 
region, which were not present in the room temperature 
spectrum. These lines were not investigated in detail. After 
two hours of u.v. irradiation at 77°K the EPR lines of the 
3+ tetragonal Gd -HI site had diminished to about one-tenth 
their former intensity and a new spectrum had appeared , as 
shown in Fig. 15. The site associated with this new spectrum 
will henceforth be labelled " R 3 " by analogy with a similar 
3+ -site observed in SrF2: Gd : H  which is discussed later in this 
chapter. 
The large number of magnetically inequiva lent R 3 sites 
and the low intensity of the R3 spectrum precludes a full 
study of the angu lar variation of the spectrum, and so the 
symmetry of the site must be determined by less direct 
techniques. The pattern of the R3 spectrum of H#00 1 bears a 
WAVEGU IDE  --
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Fig 15:0 -8and (36. 1 GHz) EPR spectrum of deuterated calcium fluoride doped with .05% G d'J for H II to the (00 1) axis 
and at 77° K, before and after 2 hours u.v. irradiadiation dt 77° K. 
--.J 
f--' 
7 2  
3+ strong resemblance to that of the tetragonal Gd -HI /FI 
sites . There are three magnetically inequivalent sites for 
3+ - 3+ -the Gd -FI (or Gd -H1 ) species, so for H//001 the spectrum 
consists of seven singlets (H//z) and seven degenerate 
doublets (H//x and H//y) . The positions of the lines are 
determined mainly by the dominant second degree field, and so 
the two tetragonal spectra are similar in pattern, although 
h 11 1 . . f 3+ t e overa sp 1tt1ng o :  Gd -HI 
larger value of b2 for this site . 
is 25 % larger due to the 
The R3  s ite also fits 
into this pattern, indicating that it too is dominated by the 
second degree field . However, the H//00 1  spectrum consists of 
seven degenerate quadruplets and seven degenerate octets . 
When the field is rotated away from the (00 1) axis in the 1 10 
plane the quartets split into two singlets and a doublet ; a 
least squares f itting revealed that the overall splitting 
reached a maximum at a tilt angle of 3. 2 ° from the (00 1) axis . 
When the field was rotated away from (00 1) in the 100 plane, 
each quartet split into two doublets . The R 3  spectrum was 
also examined w ith the magnetic field along a 1 1 1  d irection . 
In this case the degenerate triplets which would be expected 
for a strictly tetragonal site are replaced by sets of lines 
consisting of two triplets and a hextet . All of these 
features are consistent with 1 2  magnetically inequivalent 
sites of rhombic ( C ) symmetry, the only symmetry element s 
for each site being a reflection in a (1 10) type plane . 
If the x-z plane is  chosen as the plane of reflection 
symmetry the spin Hamiltonian involves only real parameters: 
= S (g H S + g H S + g H S )  + X X X y y y Z Z Z 
3 2n m m 
L L B 2n 0 2n n=l m= O 
( 5 • 2 )  
7 3  
3+ To a very good approxima tion the g value of Gd may be 
assumed to be isotropic . In this case the x axis may be 
chosen to lie anywhere in the 110 plane, and so for 
convenience the axis system has therefore been chosen as x, y, z: 
110, 110 , 00 1. The experimental data is inadequate for the 
determination of all the 18 parameters in the full spin 
Hamiltonian ( 5. 2) . It is evident from the spectra that the 
crystal field at the Gd3 + position contains a dominant 
component of tetragonal symmetry about the 001 axis, together 
with a weaker rhoIT�ic perturbation. The spin Hamiltonian may 
therefore be approximated by: 
= 
( 5 - 3 ) 
The EPR spectrum of the R 3 site for H//111 shows a 
definite and well resolved isotope shift between hydrogenated 
and deuterated crystals, although a shift could not be 
observed with the field parallel to the 001 direction. Thus 
the R 3 site definitely involves hydride ions. The parameters 
which provide the best least squares fit of the R 3  (H-) and 
R3 (D ) spectra for H// (00 1) , (0 10) and (111) to the spin 
Hamilto. ian 5-3 are presented in table 9. The fit is not as 
good as in the case of  the tetragonal sites, probably because 
of the o ission of the higher order rhombic terms . 
(4 ) Proposed Model for the New Sit2 
Jo es e 6 al . sugg ested that u . v .  irradiation of the 
3+ -tetragonal Gd -H I ce n tre ionized  the hy� ride ion without 
disp ace ent to 9 1  e a  ew tetrago  al ca 3+ - H
1
° si e . The 
evidence pre sented i n  the previou s s e c t ion sug g e s  s that th is 
TABLE 9 
Spin Hamil tonian parameters for rhombic Gd
3+ 
s ites in hydroge nated calcium and strontium fluoride crystals 
Host 
S i te 
Temp 
b 0 b 




2 Fit  
OK 
g b
6 b4 b2 
-1 Xtal 2 4 6 2 cm 
CaF 2 R3 ( H  ) 7 7  1 . 990 ( 2 )  . 1665 ( 2 )  . 0022 ( 2 )  . 00002 ( 1 0 )  - . 01 4 7 ( 5 )  . 0008 ( 5 )  . 0 3 0 ( 1 0 )  . OOll  ( 1 0 )  . 0019  
CaF
2 
R3 ( D ) 7 7  1 . 990 ( 2 ) . 1665 ( 2 )  . 0022 ( 2 )  . 00002 ( 1 0 )  - . 01 4 7 ( 5 )  . 0008 ( 5 )  . 02 9 ( 1 0 )  . 00 2 3 ( 1 0 )  . 0020  
SrF 2 
Rl ( H ) 2 9 5  1 . 99 3 ( 2 )  . 1 612 ( 2 )  . 00 1 9 ( 2 )  . 00009 ( 1 0 )  - . 0094 ( 7 )  . 0009 ( 5 )  - . 01 5 ( 10 )  3 . 5  X 1 0  -4 
SrF2 Rl ( D ) 
2 9 5  1 . 99 1 ( 2 )  . 1637 ( 2 )  . 00 2 1 ( 2 )  . 00006 ( 1 0 )  - . 01 08 ( 7 )  
-4  
. 0012 ( 5 )  - . 0 3 1 ( 1 0 )  3 . 7 X 1 0  
SrF 2 
R2 ( H ) 2 9 5  1 . 992 ( 2 ) . 1 69 3 ( 2 )  . 0021 ( 2 )  . 0001 ( 2 )  
SrF2 
R2 ( D ) 2 9 5  1 . 99 3 ( 2 )  . 17 1 0 ( 2 )  . 0021 ( 2 )  . 0000 ( 2 )  
SrF2 
R3 2 9 5  1 . 99 3 ( 2 )  . 1 2 5 0 ( 2 )  . 0019 ( 2 )  . 0001 ( 2 )  - . 01 2 8 ( 5 )  + . 0002 ( 2 )  - - 4 . 3 X 1 0  -4 
SrF2 R2X ( H ) 2 9 5  
1 . 99 3 ( 2 )  . 17 0ri ( 2 )  . 0020 ( 2 )  . 0000 ( 2 )  
SrF2 
R2X (D ) 2 9 5  1 . 99 3 ( 2 )  . 1 7 2 6 ( 2 )  . 00 2 2 ( 2 )  . 0001 ( 2 )  
S rF2 




) 2 9 5  
2 
1 . 992 ( 2 )  . 1 601 ( 2 )  . 0022 ( 2 ) . 0001 ( 2 )  
Fit 
Gauss 
1 6 . 7  
17 . 0  
3 . 7  
3 . 9  
4 . 5  









model is incorrect. 
An interstitial fluoride ion at the (00 1) position is 
almost certainly involved in the R3 site. The near tetragonal 
syr:unetry of the site indicates the presence of a charge 
compensating anion at this position, and the proximity of 
b2° (R 3) to b2° (tetragonal Gd
3+ -FI
-) and the zero isotope shift 
for H#00 1 shows that this anion is a fluoride ion rather than 
a hydride ion. Since the R 3 site does show an isotope shift 
for H// (1 1 1) a hydride ion must also be involved and this must 
lie somewhere in the I 10 plane to satisfy the spectral 
symmetry. It seems unlikely that the hydride ion would 
occupy an interstitial site because this would result in the 
defect centre having an overall negative charge. In addition 
the R 3 infrared line at 768 cm-l is far removed from the lines 
- 1  of other interstitial sites ; c. f. cubic w = 1 3 10 c m  , 
- 1  - 1  tetragonal w = 10 17 cm , w = 1 104 cm ; so the hydride ion 
X Z 
most probably occupies a substitutional site. Figure 16 
illustrates two sites involving an interstitial fluoride ion 
and a substitutional hydride ion which are consistent with 
the experimental evidence, and which can be generated by 
3+ displacement of ions in the tetrag�nal Gd -HI site. 
The first site (Fig. 16 (a) ) can be generated when one of 
the four fluoride ions which are mutual neighbours of the 
Gd 3+ and HI ions in the tetragonal site is displaced to one of 
two adjacent unoccupied interstitial sites. The hydride ion 
then moves into the vacancy left by the displaced fluoride ion. 
It is difficult to find an equally plausible mechanism for the 
formation of the second site. It could be generated by one of 
the four fluoride ions which are n. n. neighbours of the 
· 0 -- 0 --0 -- 0 
0/ 1 0/ 1 c( i cf I I I I t'  I 
I 
' I- -, -\ 2 I 
0 - -6\-·-�·- -/-� 0 




cf I cf cf fr 0 
/ 
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0 F -
N . B .  sph �res drawn with dashed l ines indicate the 
original or tran sitory positions o f  ions. 
@ Gd 3+ /0 
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0// d/ cf 
( b) 
Fig_-1..§: Two models fo r the new Gd3+ s ite produ ced , ..by IJ .V.  irradiation 
o f  h}•Jroeena ted c rystals of' ca� cium fluoride doped wit�+ Ga�oliniurn Flu o ride . In both  ca!es the H
I 
ion in the o ri ginal Gd -HI site 
di s lod�es a lattice F ion to an inters titial site ( 1 )  a�d takeff its 
place ('zj�i.n inters_:!:i tialcy motion ) • In th e model o f  Fig 1 6 ( b )  a further 
jump ( 3)  of the F ion to the ( 0 1 0) position is required. 
7 7  
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hydride ion but not of the Gd3+ ion being displaced to an 
interstitial site along a (111) type direction. The hydride 
ion could then move into the vacancy so formed and the fluoride 
ion could hop back into the vacated interstitial position of 
the hydride ion. Both of these mechanisms are indicated on 
Figure 16 . 
The crystal field at the Gd3+ site for the two models 
discussed above will be predominantly determined by the 
interstitial fluorine anion, since this represents an extra 
unit charge inserted in the lattice. The substitutional 
hydride ion will give a smaller contribution since it replaces 
a regular lattice ion of similar charge. Thus for both models 
the overall crystal field will comprise a dominant tetragonal 
component and a weak rhombic perturbation. Which site 
arrangement occurs cannot yet be resolved. 
Some information can, however, be derived from the 
presence of an isotope shift for H//111 . 56 Newman has 
developed the superposition theory of crystal fields which 
assumes that the total crystal field is a linear combination 
of the fields produced by each ligand alone. In addition 
57 Newman and Urban have noted that a linear relationship can 
m be expected between the crystal field parameters A and the n 
m spin Hamiltonian parameters b for n = 2 .  Let the "intrinsic n 
5 7  spin Hamiltonian parameters" de fined by Newman be denoted 
- 0 - 0 b2 (H) and b2 (F) for the hydride and fluoride ions 
respectively. Within the assumptions of the superposition 
model the spin Hamiltonians for the two models for terms up to 
n = 2 are: 
Model 1 
z II ( 0 0 1 ) A = g S Hz S z + b 2 
O ( F ) 0 2 
O + 2 12b 2 
O ( H ) 0 2 
l 
+ b 2 
O ( H ) o 2 
2 
z II ( 1 1 1 )  ,I{ = g S Hz S z + b 2 
O ( H) 0 2 
O + 2 /2b 2 
O ( F ) O 2 
l 
+ b 2 




ill ( O O l )  
z ll (lll) 
j{ = 
/l = 





+ ll ( H )  
gSH S + z z (b2
0 (F) 
- 0 b 
+ _2_ (H) (20 /202 1 1  
It should be noted that S z 
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7 9  
matrix elements and 0 2
1, 0 2
2 only off-diagonal elements. In 
the light of previous discussion the magnitudes of the various 
terms in the spin Hamiltonian may be expected to follow the 
order: 
- 0 and b2 (H) should be isotope dependent. Thus for model (1) 
52° (H) affects the spin Hamiltonian eigenvalues in second 
order of perturbation for HIIO O l , but in first order for 
H#lll. An isotope shift may therefore be observable for 
Hlllll, in accordance with experiment, but not necessarily for 
HII O O l .  For model (2)  S2° (H) affects the eigenvalues in first 
order for both field orientations. The superposition theory 
thus favours model (1) as being the correct one, although it 
is recognised that the assumptions in the theory make this 
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identification tentative rather than conclusive. In 
particular, the induced dipole moment of the hydride ion will 
be influenced by the charge of the fluorine interstitial, and 
thus the two ligand crystal fields cannot be considered as 
being completely independent. 
For both models the hydride ion is situated in a strongly 
anisotropic potential well of rhombic symmetry. Three 
different local mode frequencies would therefore be expected, 
but only two infrared absorption lines are observed; thus 
neither model is in full accord with the infrared spectra. In 
view of the fact that the site is unstable it is possible that 
the potential well has a very low barrier in one direction and 
that the first excited state for vibration in that direction 
is unbound. 
The preceding discussion has shown that the first model 
for the R 3 site (Fig. 16 (a) ) is consistent with most of the 
experimental evidence. ENDOR measurements would be useful to 
check on this tentative site identification. 
III. EPR SPECTRA OF HYDROGENATED CRYSTALS OF STRONTIUM 
FLUORIDE CONTAINING GADOLINIUM IONS 
Crystals of strontium fluoride containing . 05 %  gadolinium 
fluoride which have been hydrogenated show EPR spectra 
3+ characteristic of the tetragonal Gd -FI site and the 
trigonal (T4)  Gd 3+ _FI
- site observed in the parent crystal. In 
addition, many new sets of lines appear which are one­
twentieth or less of the intensity of the parent crystal lines. 
By examining the EPR spectra of some twenty crystals it was 
found that there are four main hydrogenic sites, whose 
relative intensities depend on the hydrogenation treatment and 
subsequent thermal history of the crystals . Several sets of 
weaker lines were also observed but these were too difficult 
to examine in any detail . 
8 1  
The four main sites consist of one tetragonal and three 
rhombic sites, hereafter labelled Rl, R2, R3. Crystals which 
were hydrogenated at temperatures in excess of 900°c contained 
all four sites in similar concentrations. However, when 
0 samples were hydrogenated at 800 C and subsequently quenched 
into liquid nitrogen only the tetragonal and R3 sites were 
observed. After such a crystal was left at room temperature 
for 2 4  hours the Rl site appeared and grew exponentially to 
its maximum intensity in a few weeks. Crystals which had been 
stored for a few weeks at room temperature showed an R2 
spectrum which grew more intense in subsequent months . After 
periods of six months the EPR spectra of these crystals were 
indistinguishable from those hydrogenated at high temperature. 
The weak intensity , low syw�etry, and high site 
3+ degeneracies of the various hydrogenic sites in SrF2:Gd 
results in the complex spectrum of many overlapping lines 
shown in Figure 17. Consequently only those lines in the 
' wings ' of the spectrum remote from the central g = 2 region 
could be unambiguously identified. For this reason the lines 
of the three rhombic spectra have been fitted to spin 
Hamiltonians truncated to include only spin operator terms 
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(1) The Tetragonal Gd3+-H - Site ------"---- -- I----
The tetragonal site could be readily identified by the 
simple angular variation of its spectrum around the (00 1) 
direction. Sufficient absorption lines were identified for 
this site from the H//z and H//x field orientations to enable 
all the parameters in the spin Hamiltonian to be evaluated as 
shown in Table 7.  It is interesting to note that the isotope 
shift (refer to Table 8 )  is larger for SrF 2 than CaF 2 although 
the magnitude of the axial crystal field is smaller, and that 
a simple scaling factor appears to relate the spectra of 
tetragonal sites in the two crystals. The ratio of b2
0 in 
SrF 2 to that in CaF 2 is evaluated in Table 10 and is close to 
0 . 76 for both the tetragonal hydrogen and fluorine sites. 
Proctor5 8  and Freeth5 9  have observed absorption lines at 
919 . 8  cm
-l and 9 37 . 7  cm-l in the 77°K infrared spectrum of 
3+ SrF2:Gd which they assign to the tetragonal hydride ion site. 
(2)  The Rhombic Rl and R3 sites 
The angular variation of the EPR spectra about the (00 1) 
field orientation and the line degeneracies for the Rl and R3 
sites indicate that they possess the same symmetry as the 
irradiation-induced R 3 site in calcium fluoride. The 
splitting patterns of the spectra reach a maximum at tilt 
angles of 2 . 5° and 3° ( ± . 5 °) for the Rl and R3 sites 
respectively. It was not possible to measure the spectra of 
these sites with the magnetic field in the (111) direction 
because of the difficulty in distinguishing their absorption 
lines from the multitude of lines due to other sites. The 
parameters which provide the best least squares fit to the 
8 4  
TABLE 10 
The Ratio b2° (caF2
) /b
2° ( srF2) for some Gd
3+ sites in strontium 
and calcium fluoride crystals 
0 
Site 
b2 (CaF 2) 
b2 ( SrF2) 
GdJ+ _F -I . 757 
GdJ+ _HI
- . 759 
R3 Site* . 76 1  
* Corrected to equalise temperature of measurement for CaF2 
and SrF2 . 
85 
Rl and R3 ESR spectra of appropriately truncated spin 
Hamiltonians are displayed in Table 9. The y axis has been 
chosen to lie along the 110 direction, and the x, z axes in the 
110 plane rotated by the tilt angle from the 110, 001 axes 
respectively. 
The R3 site does not display an isotope shift for H//100, 
although it only appears in crystals which have been 
hydrogenated. It is similar in this respect to the CaF2:R 3 
site. 
. 0 In addition the ratio of the b 2 parameters for the R3 
sites in CaF2 and SrF2 is very close to that of the two 
tetragonal sites, as shown in Table 10 , and the two tilt 
angles are almost equal. It therefore seems plausible that 
the same charge compensation mechanism is responsible for both 
sites and they have accordingly been given the same label. In 
SrF2 the R3 site is stab le at room temperature and u. v. 
irradiation for two hours at 77°K did not cause any increase 
in the intensity of its EPR spectrum. 
In contrast, the Rl site shows an isotope shift for 
H// (001) comparable to that of the tetragonal site. A 
possible model for this site involves a H . and H at the i s 
positions shown in Figure 18. The Rl site could then be 
formed from the tetragonal c 4v site by the addition of a 
migratory hydride ion. This model was tested by treating a 
crystal in a mixed hydrogen/deuterium atmosphere, in which 
3+ . . d . h case four distinct Rl spectra from Gd ions associate wit 
- - -
H . -H , H . -D , H -D . or D -D . pairs should be observed. i s i s s i s i 
In fact only two spectra were recorded for H//00 1 . However 
this test is inconclusive since it was shown for the R 3 site 
0 --- 0-- 0 
/ '  / / 
0 () 0 ® . 0  0 - - - ·- - - -0 - - - - - - - -0 ///, // / I 
0/---()/--0 
Q F- i on 
Fig 1 8 : A p o s s i ble model fo r the R1 s ite in  hydrogenated 
s t ront ium fluoride  c ontaining gadol inium i on s .  
8 6  
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that the substitutional hydride or deuteride ion contributes 
to an isotope shift for H//00 1  in second order of perturbation 
only. 
A joint experiment was conducted with Mr C. A. Freeth 37 
to observe the growth of the Rl site by means of both infrared 
and EPR spectroscopy. He has found that there are three IR 
- 1  absorption lines at 7 20. 7 , 7 8 4. 1  and 96 9. 1 cm whose growth 
correlates to within experimental error with that of the Rl 
EPR spectrum. In both cases the intensity was calculated 
relative to the tetragonal site to eliminate the problem of 
making absolute intensity measurements. A total of six infra­
red lines would be expected for the proposed model of the new 
site. It is possible that the three remaining lines may be 
due to the interstitial hydride ion and are not sufficiently 
resolved from the strong tetragonal site absorption. It would 
be interesting to observe the IR spectrum of mixed hydrogen/ 
deuterium crystals to check on the presence of combination 
lines. 
( 3 )  The R2 Site 
The experimental observations on the R2 site are more 
difficult to analyse than those of the Rl and R3 sites. The 
EPR spectra of the latter consist of a set of seven degenerate 
quadruplets. This pattern is almost reproduced for the R2 
site except that the outermost (± 7 /2 + ±5/2) lines for H#O Ol 
are resolved into two four-fold degenerate lines separated by 
24 gauss at 35. 6 GHz. An isotope shift and tilt angle similar 
to that of the Rl site is observed. The extra structure on 
the outermost lines is the same for both hydrogenated and 
deuterated crystals and so cannot be classed as hyperfine 
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structure since the nuclear spins of 1H
1 and 1H
2 differ. It 
is therefore probable that what has been labelled the "R2  
site" consists of two slightly different perturbations of the 
same basic charge compensating mechanism. The isotope shift 
indicates that this basic mechanism is probably an inter­
stitial hydride ion at the 001 position. 
(4) Perturbations of the R2 and Rl Sites 
In some crystals satellite lines were visible close to the 
EPR lines of the Rl and R 2 sites. These are presumably due 
to the presence of an extra lattice defect in the vicinity of 
the rare earth ion in addition to those involved in the Rl and 
R2 sites. The approximate spin Hamiltonian parameters of 
these perturbed sites (denoted RlX and R2X) are listed in table 
9 • 
IV. EPR SPECTRA OF HYDROGENATED CRYSTALS OF BARIUM FLUORIDE 
CONTAINING GADOLINIUM IONS 
An intensive search of the EPR spectra of several 
3+ BaF2: Gd (. 05 %)  crystals which had been hydrogenated failed 
3+ to reveal the presence of a tetragonal Gd -HI centre 
analogous to that observed in calcium and strontium fluoride 
crystals. (The presence of hydrogen in the crystals was 
confirmed by the appearance in their infrared spectra of a 
strong absorption line at 798 cm
-l characteristic of the 
isolated substitutional (Td) H site. ) The absence of any 
3+ - . tetragonal Gd -HI sites in barium fluoride is not unexpected 
in view of the absence of the analogous tetragonal Gd 3
+ -FI­
centres. 
3+ -No positive identification of any other Gd -HI centre 
8 9  
could be made from the EPR measurements. However, the spectrum 
of the parent crystal contains many weak lines about one 
fiftieth the intensity of the trigonal (T4)  F site) between 
the extreme up-field and extreme down- field lines of the (T4)  
F spectrum, which prevents the identification of any new 
lines in this interval. 3+ -Thus the possibility that a Gd -HI 
' t  · t h' h d t 1 f i' eld at the Gd3
+ 
1· on of si e exis s w ic  pro uces a crys a 
predominantly cubic character cannot be excluded. It might 
be expected that hydrogenation would produce the hydride ion 
analogue of the trigonal (T4 )  F site, with the H ion at the 
(111) interstitial position. Due to the larger ionic radius 
of the H ion this hypothetical Gd 3
+
-H- centre should produce 
a larger trigonal distortion on the predominantly cubic crystal 
field at the Gd 3+ ion site. In consequence, the EPR spectrum 
of such a site should have a larger overal l splitting than the 
corresponding (T 3) F site, and at least two of the absorption 
lines should appear outside the confused central region. No 
such new lines were observed. 
However, in a study of the infrared spectra of hydrogenated 
and rare earth doped BaF2 , C. A. Freeth
37 has observed a single 
rare earth dependent absorption line which shifts 
1 - 1  systematical ly from 7 36 cm- for lanthanum to 711 cm for 
lutetium. The low frequency of this line suggests that it 
originates from a substitutional, rather than interstitial, 
hydride ion site. The EPR results suggest that the hydride 
d 3
+ . d th ion must be relatively remote from the G ion an so e 
site is probably a modification of the cubic or trigonal (T4 ) 
sites . 
V .  SUMMARY 
3+ -Tetragonal Gd -HI /DI /TI sites have been positively 
identified and measured in calcium and strontium fluorides, 
but no sites of this type were observed in barium fluoride. 
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3+ -Ultraviolet irradiation destroys the tetragonal Gd -HI site 
in calcium fluoride but does not simultaneously create the 
tetragonal Gd 3+-HO site previously postulated; insteud 
rhombic Gd 3+ site appears which probably involves an 
a new 
interstitial fluoride ion and a substitutional hydride ion in 
the arrangement shown in Figure 16 (a) . Unirradiated crystals 
of SrF2: Gd
3+ which have been hydrogenated contain at least 
three rhombic Gd3+ sites involving hydride ions in addition 
to the tetragonal site. These sites appear to involve an 
interstitial fluoride or hydride ion, together with one or more 
substitutional hydride ion. 
CHAPTER VI 
THEORETICAL ANALYSIS OF THE GADOLINIUM ION SITES OF 
TETRAGONAL SYMMETRY IN HYDROGENATED CALCIUM AND STRONTIUM 
FLUORIDE CRYSTALS 
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It has been shown in the previous chapter that several 
different charge compensation mechanisms involving rare earth 
ions and hydride ions are found in calcium and strontium 
fluorides. The tetragonal (c4v) site is the most suitable of 
these for the purposes of a theoretical investigation because 
of the simple ionic arrangement and the large amount of 
spectroscopic data known for this site. This chapter will 
collate the data with the object of explaining two features 
3+ of iriterest in the EPR spectra of the tetragonal Gd sites: 
Firstly, 
3+ - . Gd -HI site 
the ground state splitting of the tetragonal 
. . d 3+ is larger than that of the corresponding G -FI 
site by 24 % in both calcium and strontium fluoride. On a 
simple fixed point charge model the crystal fields produced 
at the neighbouring rare earth ion site by an interstitial 
fluoride or hydride ion should be identical. Secondly, an 
appreciable isotope shift is experimentally observed in the 
3+ - 3+ - 3+ -EPR spectrum of tetragonal Gd -HI , Gd -DI and Gd -TI 
sites. Since the hydride, deuteride and tritide ions are 
electronically identical, this isotope shift also cannot be 
explained by a simple fixed point charge model. 
I. PARAMETERISATION OF THE CRYSTAL FIELD 
The crystal field at the rare earth ion site may be 
9,, expanded in a series in the Racah spherical tensors C m 
(defined in equations 2 - 3, 2-4 ) appropriate to c
4 v symmetry : 
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( 6 - 1) 
where terms with � odd or 9,, greater than 6 have been omitted 
because they have zero matrix elements within the 4f7 
configuration ( l 4 ) . The 4 f7 electrons of the Gd3+ ion form a 
half filled shell, and so the crystal field produces no 
splittings in pure LS coupled states. However, spin orbit 
coupling mixes the Russell Saunde�s states and so a small 
splitting is obtained with intermediate coupling wavefunctions. 
The parameters B 9,, have been estimated6 3 r 6 5  for the m 
Gd3+ -F 
- site in calcium and strontium fluorides by adjusting I 
the parameter values until a minimum mean square 
is obtained between the eigenvalues of the crystal field 
Hamiltonian and the observed optical levels of the Gd 3
+ 
ion. 
This least squares fitting technique only yields a unique set 
of the B 9,, when the number of such parameters is less than the m 
number of observed levels. 3
+ -For the Gd -HI sites only the 
four levels of the P
712 
multiplet have been measured and so 
this method cannot be used. The following section will 
develop an alternative first order technique based on the 




f h l d 3
+ . or t e tetragona G sites. 
The optical spectra corresponding to the transitions 
6 8 between the P
712 
excited state and the s
712 
ground state 
3+ -have been measured for the Gd -FI site in calcium and 
t . fl . d 60 d f h d 3
+ -/ - · · stron ium uori e , an or t e G -HI DI sites in 
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state is much smaller than the separations between the J 
multiplets of the 4f7 configuration, the 6 P
712 
splitting can 
be conveniently described by a spin Hamiltonian in the same 
way as the ground state. The spacings of the eigenstates in 
this multiplet are roughly in a 3: 2: 1  ratio for all the 
tetragonal s ites listed above, which shows that the lb 0o O 
3 2 2 
term is dominant. The d iagonal parameters bn
O' which are 
listed in Table 11, have therefore been estimated to first 
order by neglecting off-diagonal b m (m i  0) terms. The n 
2 crystal field parameter B0 can be readily obtained from its 
spin Hamiltonian counterpart by equating the expectation 
values of the spin and crystal field Hamiltonians: 
B 2 6 P M I C 




2-J (J+l) ) .  0 
< 
7 /2 0 7 /2 > 
( 6-2) 
Here the notation i
6 P
712 
M> indicates the intermediate coupled 
wavefunction of magnetic quantum number M whose major 
component is the pure LS state J 6 P
712 
M> . A s imilar formula 
may be written for the 8s
712 
ground state, and hence two 
estimates of B0
2 can be obtained for each site. However, the 
expectation values of c0
2 in equation 6-2 must first be 
calculated before any comparison is possible. 
9 4  
TABLE 11 
6 3+ Spin Hamiltonian parameters for the P71 2 
state of the Gd 
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The electrostatic parameters for the 4f7 configuration of 
Gd3
+ 
ions in calcium fluoride have been determined from the 
. o . l 61 absorption spectrum down to 1 350A by Crosswhite et a . .  
These authors have provided the intermediate coupled eigen­
vectors of the 50 x 50 matrix of J = 7/2 LS states calculated 
from these parameters. The expectation value of c0
2 may now 
be calculated within these wavefunctions by using the 
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J '  z 
( 6 - 3 ) 
The doubly reduced matrix elements of the unit tensor operator 
u
2 
are tabulated by Nielson and Koster6 2. These values may be 
used as the input to a computer program whic l 1 calculates the 
. 1 f 2 . . 50 8 expectation va ue o c0 within the component s712 
and 
6 P712 
intermediate coupling wavefunctions. The 3J and 6 J 
symbols required can be evaluated by subroutines so as to 
eliminate transcription errors. The results are: 
= . 08 28 41, 
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= .. 000 49 67 8  ( 6 - 4 ) 
2 The crystal field parameters B0 calculated using equations 
6 -2 and 6-4 applied to both the ground and the first excited 
states are presented in Table 1 2 .  
( 1 )  
2 Comparison of B0 Parameters with Least Squares 
Values Reported in the L i terature 
Ivoilova and Leushkin6 3  have performed least squares 
fittings of the parameters B n to the Stark sub-levels of the m 
8 6 6 6 S7/2 ' p7/2 ' p5/2 ' 
I7/2  
1 . 1 f d 3+ - . mu tip ets or G -FI sites in 
both calcium and strontium fluoride ; their values of B0
2 
also shown in Table 12.  It can be seen that there is good 
are 
agreement with the values derived from the technique 
described above when applied 
2 6 
6 to the P712 
state only. The 
value of B0 ( P712
) for the 3+ - . Gd -FI site in calcium fluoride 
is also in close agreement with the figure of 6 57 cm-l 
6 4  calculated by S cheslinger and Nerenberg . Thus the first 
order technique applied to the 
2 3+ -values of B0 for the Gd -FI 
6 P712 
state yields reliable 
sites and so should be equally 
sati sfactory for the Gd 3+_HI
- sites being investigated , for 
which a complete crystal field analysis is not feasible. (It 
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s i te s  i n  calcium and 
techn iques 
2 -1  
B
0 
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65 should be noted, however , that O ' Hare has performed a least 
. 3+ -squares fit for Gd -F1 
sites in strontium fluoride which 
2 -1 ga ve B0 = 20 6 cm , almost exactly one half the value quoted 
by I voilova and Leushkin. This is possibly due to an error in 
? 
the normalisation of c0 '-. The latter authors have recently 
defended their published parameters with the results of Zeeman 
1 29 measurements . )  
8 2 The ground state ( s 712
) splittings yield values of B0 
which are at least a factor of two greater than those deri ved 
6 from the ( P712
) first excited state. Since the latter values 
are in good agreement with the least squares values it appears 
that the simple first order technique fails for the ground 
state. This is not altogether surprising in view of the great 
difficulty which has been experienced in obtaining a 
satisfactory explanation of the ground state splitting of Gd3+ 
in many host crystals. The discrepancies between the values 
of B0
2 (8 s 712
) and B0
2 (6 P 712
) will be discussed and resolved in 
the following section . 
(2)  Contributions to the Ground State Splitting of Gd 3
+ 
6 6  
Wybourne has estimated the contribution of eight 
distinct mechanisms for the 8 s 712 
splitting of Gd3+ in the 
gadolinium ethyl sulphate lattice for an ionic model of the 
crystal field, and has obtained an overall splitting which is 
twice the magnitude and of opposite sign to that experimentally 
observed. Buckmaster et ai. 6 7 have shown that two of these 
mechanisms gi ve rise to 90 % of the overall splitting. The 
first is the fourth-order mechanism , proposed by Hutchison , 
which invol ves the interaction of the crystal field in first 
order with the spin orbit coupling in third order, and which 
may be wr itten schematically as: 
where A represents the spin orbit coupling. This is the 
mechanism which has been effectively calculated in the 8s71 2 
version of equation (6 -2) . 
98 
The secon0 mechanism is of neglig ible importance for the 
excited states where the Stark iplittings are relatively 
large, but represents a significant contribution to the weak 
ground state splitting. In non-relativistic theory the 
crystal field matrix elements between LS states of different 
spin are identically zero, but when relativistic effects are 
included these matrix elements no longer necessarily vanish. 
6 8 In particular, the matrix element < P
71 2
i vc l s71 2
> has a 
finite value and is responsible for a further contribution to 
the ground state splitting. 66 Wybourne has shown that this 
second order mechanism sr ives a contribution E (M) to the ground 
state wavefunction I M> where, 
E(M) = (6 -5) 
,4f is the spin orbit coupling constant and the R ' s  are radial 
integrals. 
The total splitt ing, expressed in spin Hamiltonian form, 
may be calculated by inserting numerical values in equations 
(6 - 2) and (6-5) to give 
b 0 2 = - ( . 99 + 1. 3) X 10
-4 B 2 0 
( 6 - 6 )  
9 9  
where the contributions are those of the Hutchison and 
relativistic mechanisms respectively. 2 8 The values of B0 ( s71 2
) 
deduced from equation (6-6) are displayed in Table 12; it can 
be seen that these recalculated values are in quite reasonable 
agreement with the corresponding B0
2 (6 P712
) figures. The 
remaining discrepancy is acceptable in view of the omission of 
the remaining mechanisms, discussed by Wybourne, and the 
neglect of crystal field mixing of other intermediate coupled 
multiplets . Thus it appears that the ionic theory 
satisfactorily explains the ground state splitting of Gd3
+ 
in 
tetragonal sites in alkaline earth fluoride lattices, but 
fails for the ethyl sulphate type lattice. 
66 Wybourne has suggested that the failure of the theory in 
the latter case is due to the neglect of covalency contribut­
ions. This is feasible since the axial crystal field in the 
ethyl sulphate lattice is mainly produced by nearest neighbour 
ligand ions. However, for tetragonal sites in alkaline earth 
fluoride lattices it would be expected that the axial crystal 
field would be dominated by the next nearest neighbour 
interstitial anion. Thus covalency effects in this case 
should be less important, and the ionic theory of Wybourne is 
therefore more realistic. 
The importance of this discussion lines in the fact that 
h d 3+ . f both the ground and the excited states of t e G sites o 







single empirical value of the dominant 
A theoretical estimation of B0
2 can now be 
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II. THEORETICAL CALCULATION OF B 2 FOR TETRAGONAL GD 3
+ SITES 0 
A detailed calculation of the crystal field at the Gd3+ 
site, including overlap and covalency contributions, is a 
formidable task. It has been recognised in the literature5 6  
that simple electrostatic  models of the crystal field are 
wholly inadequate for the high order 
but yield reasonable results for the 
4 6 B and B parameters, m m 
second order B values. m 
In the following section an electrostatic calculation of B0
2 
3+ - -for tetragonal Gd -FI /HI sites in calc ium fluoride will be 
discussed. 
(1) The Effect of Induced Dipole Moments 
The electric field at lattice sites surrounding the Gd3+ 
ion is non-zero due to the extra charge of the ion itself and 
that of the F or H interstitial. The simple point charge 
model of the crystal field can be improved by including the 
point dipoles induced on neighbouring ions by these extra 
charges. The free ion dipole polarisabilities of the fluoride 
and hydride ions have been experimentally determined to be 
9 9
0 3 2
0 3 . l 1 7 f . h h . A and 30. A respect i ve y These igures s ow t at a 
marked difference may be expected between the crystal fields 
generated by H and F interstitials due to the much larger 
polarisability of the former ion. However, the 
polarisabilities of anions in solids are expected to be 
smaller than in the case of a free ion, and must be estimated 
before any crystal field calculation can proceed. 
Rufta68 has calculated values of the dipole polarisability 
a
0 
for some ions in the alkali halide crystals and his tables 
show the expected decrease; Rufta 's value of a
0 
= . 8 1� 3 for F 
ions has been used in the following calculation. 
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The electronic structure of the hydride ion (U-centre) at 
substitutional sites in both the alkali halides and the 
alkaline earth fluorides has been the subject of several 
calculations; values of a
0 
(H-) may be obtained from the 
resulting wavefunctions. Ashkin6 9  has used a three parameter 
wavefunction to calculate the energy of a U centre substituted 
for a lattice F ion in CaF2 when it 
- 0 3  
field; he obtained a
0
(H ) = 11. 6A .  
is subject to an electric 
Singh et a i. 70 have 
calculated wavefunctions, energies and oscillator strengths 
2 for the (ls ) ground state and ls2p excited state of the same 
system in the absence of an electric field. The value of a
0 




E -2-n 4n m 
(6-7) 
where fnl is the oscillator strength between the ground state 
d h th . d . h d . an t e n  excited state, an v 1s t e correspon 1ng 
transition frequency. If the summation is restricted to the 
0 3  
first excited state the formula yields a0 
= 4. 2 3A .  This is 
a lower bound only, but since £2 1  = 1. 8 and E fnl = 2 ,  the 
correct value should not be much larger. The calculations of 
Singh et ai. 70 employed four variational parameters rather 
than the three of  Ashkin and so may yield a more reliable 
value of a0
• 
Jacobs et ai. 11 have estimated the dipole moment of the 
H- ion in the tetragonal G d3+-H1
- site as p =  l. le Bohr Radii, 
which corresponds to a polarisability of 3.7A. However, it 
should be noted that  this value was derived from an 
electrosta tic model of the potential well in which the hydride 
10 2 
ion is located. This model has several deficiencies which are 
discus sed la ter in this chapter. 
71 Finally, Fieschi et al. have used a value a
0
(H 
1. 9� 3 in their work on U centres in the alkali halide 
= 
crystal s. Thi s figure was obtained from an experimental study 
72 of lithium hydride by Calder et al . .  
The wide range of values for a
0
(H-) quoted above implies 
that any value chosen for thi s work must have a large 
uncertainty. The theoretical estimates are valid only in the 
weak field approximation, and relate to a substitutional 
hydride ion site rather than an interstitial one. A ' mean ' 
dipole polarisability for the hydride ion , based on the 
aforementioned values excluding that of Ashkin, and rounded to 
one significant figure accuracy (a
0 
= 3� 3) will be used in the 
following calculations. 
( 2 )  2 Estimation of B0 on a Simple Point Charge - Point 
Dipole Model 
7 3  Kiro and Low have esti mated the positions of the 
nearest neighbour (n. n. ) and next nearest neighbour (n. n. n. ) 
fl . . 1 . h 3+ . f C 3+ F -/H -uorine ions  re ative to t e  Ce ion or e - · 1 1 
tetragonal sites in calcium fluoride from their ENDOR 
measureme:1ts. 2 A va lue of B
O 
may be calculated from an ionic 
model of the l attice by using their plot of lattice 
distortions,  assuming these are similar for equivalent Ce
3+ 
and Gd3+ sites. 
2 . 
d The fol lowing contributior.s to B0 have been 
estimate , 
that of ( 1) the point charge - l e i  of the interstitial anion; 
(2)  the 8 nn F- ions at their shifted lattice sites; ( 3) the 
10 3  
2 4  n. n . n. F ions at their shifted lattice sites; (4) the 
dipole induced on the interstitial anion by the charge + l e i  of 
the Gd 3+ ion; (5)  the dipoles induced on the 8 n . n. F ions 
induced by the point charges of the anion interstitial and the 
Gd3+ . ion ; 
4 n. n. n.  F 
and ( 6) the similarly induced dipole moment on the 
ions which are also n. n.  of the interstitial. 
Dipole-dipole interactions have been omitted. The various 
3+ - -contributions for Gd -HI /FI sites in calcium fluoride are 
listed in Table 13.  It can be seen that the large point 
charge contribution of the interstitial anion is strongly 
reduced by the distortions of the lattice and the induced 
dipole moments. The crystal field which affects the 4f 
electron is modified by the screening effects of the outer 5s, 
5p shells which reduce it to5 6, 
B 2 0 
= 2 ( 1-a 2 ) B0 (unscreened) ( 6-8) 
in the linear shielding approximation. The shielding 
parameter a 2 has been theoretically estimated to be in the 
. . . f 5 6 f . 1 G d 1 ·  . 7 4, 7 5  d vicinity o . to . or triva ent a o inium an 
experimental values are 0 . 58 7 9 and . 6 18 0 . Thus the ionic 
2 -1 - 1  model predicts values for B
0 
of 3 2 0-4 0 0  cm (c. f. 6 5 0 cm 
3+ - -1  by experiment) for the Gd -FI site, and 4 6 0- 5 7 0  cm (c. f. 
- 1  3+ - . 1 0 5 0 cm by experiment) for the Gd -HI site. The net 
calculated B
0 
values are only about one half of those 
observed, but since they are the sum of several contributions 
of opposite sign they are quite sensitive to the details of 
the lattice distortions etc. This point, and the unknown 
covalency contribution may account for the discrepancies. 
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Table 1 3 
2 3+ - 3+ Contributions to B0 for the tetragonal Gd -FI and Gd -HI
-
sites calculated on an ionic model 

















1) Anion Interstitial 
2 )  Nearest Neighbour F Ions 
3) NN Ne ighbour F Ions 
4) Interstitial Dipole Moment 
5 )  Nearest Neighbour Dipole 
Moments 
6 )  N N  Neighbour Dipole Moments 
Total 
Units are cm--l 
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Although the agreement w ith experiment is only fair the 
calculations are still useful because they g ive physical 
insight into the magnitudes of the various contributions, and 
they also qualitatively explain the orig in of the larger 
ground state splitting of the Gd 3+ -H - site. I 
III. 3+ - -
-ISOTOPE SHIFTS OF ZERO FIELD SPLITTING FOR GD : HI /DI /TI 
SITES 
(1 ) Vibronic Wavefunctions and Er.erg ies 
3+ -The isotope shifts in the zero field splitting of Gd -x
1 
( X = H, D, T) ion pairs in MeF2 crystals are a consequence of 
the d ifferent amplitudes of vibration of the different X 
isotopes, and the electron-phonon interaction d iscussed in 
Chapter II. This interaction arises from the modulation of 
the crystal field at the Gd 3+ site by the vibrational motion 
of the crystal lattice. It has been shown in Chapter II that 
for the purposes of isotope shift calculations, the 
contribution of the regular lattice modes may be ignored and 
only that of the localised X mode considered; in this case 
the electron-phonon interaction Hamiltonian V takes on the ep 
particularly simple form of equation 2-7. A theoretical 
calculation of these isotope sh i fts using this form of V ep 
will be presented in the following section, and the results 
compared with the exper imental observations recorded in 
Chapter V. 




system can be taken as: 
= H + H , e V 
(6-9) 
10 6 
where H is the Hamiltonian of the 4f 7 electrons of the Gd 3+ e 
ion (equation 2- 2) ,  and H is the axial harmonic oscillator 
V 
Hamiltonian of the X anion in its static potential well, 
= 2 2 + ½m w Z • z (6 -10) 
The anharmonic potential terms have been temporarily omitted 
from equation (6 -10) since H has the simple and convenient 
V 
eigenvectors JN  N N > of a harmonic oscillator of axial 
X y Z 
symmetry. The eigenvectors � of H are the direct product 
V 0 
" vibronic" wavefunctions, 
�v 
= � I N N N >, e X y Z 
where � is an eigenfunction of He, and the eigenvalues of H0 
are 
E = (N +N +l) h w  + (N + ½) n w + < �  JH ! �  >. x y x z z e e e 
The perturbation Hamiltonian V consists of V plus the p ep 
anharmonic terms omitted from equation (6-10) , and may thus be 
explicitly written as: 
V = cz 3 + dZ(x
2
+Y




p X y z XX YY 
+ g z 2 + g XY + g XZ + g Y Z. zz xy xz yz 
( 6 - 1 1 )  
The modifications which V produces in the vibronic energy 
levels may now be calcul ated by standard perturbation theory, 
with due regard to the following points; 
1 )  The EPR results only refer to the ground vibronic states 
denoted by 8 I I s712 
M > I O O O > >  whose unperturbed energy is EM
. 
2) Equation 2-3 is ba sically a Taylor ' s  expansion of V and ep 
so the "g " terms, which are quadratic in the displacement 
coordinates, are expected to be smaller than the linear "f " 
terms and need be included only to first order, while the f 
terms are taken to second order . 
1 0 7  
The resulting expression for the modifications in EM may 




X -1 E (1 + EM 1 /nwx) M ' fM nwx 
-nw z 
flw z 




< M l gzz l M> + s 
2
< M l g +g I M> ,  X xx YY 
(6-1 2) 
2 where s . = �/ (2mw . ) .  Those terms in equation (6 -12) which are l l 
independent of M affect all the 8 s712 
levels equally and thus 
do not contribute to the overall 8 s712 
zero field splitting. 
The first term does not contribute to the isotope shift 
because S . 
2 /f1w . is just the reciprocal of the force constant, l l 
which is independent of mass . The contribution of the second 
-1 term to an isotope shift is negligible since EM
, < 2 cm and 
hw = 1100 cm-1; the premultiplier of the electronic term is 
thus very nearly the force constant reciprocal again. The 
remaining terms, which are all mass dependent, may be 
conveniently regrouped into the form: 
t.E I = M S 
2 (<M ! g I M>  -
3c
2 <M i fz ! M>) z zz mw
2 
+ S 
2 (<M l g +g I M> X XX YY 
(6 -13) 
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The zero field splitting isotope shift (ZFSIS) is given 




3+ - 3+ -Gd -DI or Gd -TI . A numerical evaluation of the ZFSIS 
requires a quantitative model for the electron-phonon 
interaction, but equation (6-1 3) can be used to assess the 
ratio of the hydrogen-deuteriurr. to hydrogen-tritium isotope 
shifts. The isotope dependence of 6E ' in equation (6-13) 
lies entirely in the coefficients B 2 = h/ (2mw ) and z z 
B 2 = h/ (2mw ) ,  and so if we assume 
X X 
w z � w X it follows that, 
ZFSIS (H-T) 
ZFSIS (H-D) 




Using the experimental values of wH and w0, and estimating 
that of wT, the theoretical value of equation (6 - 14) is 1. 44. 
For comparison the experimentally observed ratios are 1. 45 
(±  .0 2)  for CaF2: Gd
3+, and 1. 49 3+ ( ±  .0 2)  for SrF2: Gd . The 
close agreement between the theoretical and experimental ratios 
is encouraging and justifies more detailed verification of 
the electron-phonon interaction theory. However, the 
numerical values of the anharmonic parameters c and d must 
first be estimated as a prerequisite of further calculation. 
(2 ) Evaluation of the Hydride Ion Potential Well 
Parameters 
The hydride ion moves in a potential well which may be 
conveniently expanded in a power series (equation 2-1) in 
terms of its displacement from the equilibrium position. 
Jacobs et a/� have estimated the coefficients in this series 
by a simple electrostatic model in which the potential is 
109 
assumed to be the superposition of the cubic potential of an 
isolated H interstitial site, together with the axial 
potential of the hydride ion in the electrostatic field 
generated by the rare earth ion. However, the expression 
which Jacobs et al. developed for the parameters a, b, c and d 
do not include terms arising from the shift in the equilibrium 
position of the hydride ion away from the centre of its 
surrounding cube of F ions, or those arising from the high 
order interaction of the induced dipole moment of the hydride 
ion with the cubic potential. Within the approximations of 
their electrostatic mode l the extended expressions for the 
parameters a, b, . . . , k  are: 
A -
qlq 2 + 




2 D3 �l q2 D q2 D 
b A + 









- 4Ba ) C = - ---=-r 7-D q2 
d 
3qlq2 
4pql 3Ap - ( 2Ca -= 





_ 2Cpa l q2 
(6-1 6 ) 
2Apa _ 4Cpa + 2Cpj 
o3 q2








B g = + -s- -� 
D D 
h l C 
-
3q 1q2 
10pq1 � + 2Cp 4Cpa 3Apa = -;s-- + D6 + 3 q2D + --2 + --4 q2D q2D q2D 
+ 
6 Bp� lq2D 
k 
and for equilibrium, 
2pql + 




= 0 I 
_ 3Apa l 
4 ' 2q2D J 
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where the meaning of the symbols is indicated in Fig. 19, and 
the extra terms have been bracketed. The parameters A, B and 
C are those which occur in the power series expansion of the 





The values of the parameters B, C and a are not known but an 
19 4 order of magnitfide estimate of ! B I = I C I = 1 x 10 ergs/cm 
and a = 0. 1� shows that the extra terms in equations (6-16) 
may be neglected for the parameters a and b, but are 
comparable with Jacobs et al. 's terms for c and d. Since the 
latter parameters are of major importance in the isotope shift 
calculations an alternative estimation procedure was adopted. 
Jones et al � have measured two first harmonic and three 
second harmonic infrared transition frequencies for hydride 
3+ 3+ 3+ -ion localised modes of tetragonal Yb , Gd and Tb -H1 ion 
. . . . d . 76 h pairs in calcium f luoride. Maradudin an Peretti ave 
calculated analytical formulae for those energy levels of an 
oscillator in a potential of tetragonal symmetry which are 
derived from the N = O, 1 and 2 levels of a simple harmonic 
oscillator (refer to Fig. 2)  . These formulae, with corrections 
59 noted by C. A. Freeth , have been used to perform a least 
/ 
/ 
, " " 
..___ __ D 
'Z,.... -
Fig 1 9 :  The tetragonal G d/ -H s ite in calcium fluoride ,  
s h31ing t_t1e meaning o f  the symbol s  used in the text . The 
Gd  a�d H ions have cha rg es q1 , 
q2 respectively , and 
the H ion has a dipole moment p .  
Po t e n t i a l  
E n e rg y  
(z ) 
potent i a l  m i n i m um �, � ;._ (z) _ 
_______ ___. _ ___._I I.._ __ H _________ zlib-
1 1 1  
Fig 20 : The ground state energies and wavef�n ct i ons o f  :{ and D ions  
in the a symmetri c po tent�al weil of the G d  + -H-/D- s i te .  'l'he mean 
positions z di ffer for H and D ,  g i ving rise to the anharmon i c  
i s otope shift .  
1 1 2 
squares fitting of the parameters a, b, . . . , h and (6f+k) in 
equation (2-1) to the obser vations of Jones et al. There are 
seven parameters to fit to only five obser vations for each 
3+ -RE -HI pair, so the assumption was made that the three ion 
pairs could be characterised by common values of g, h and 
6f+k. This assumption is physically reasonable since the 
equations (6- 1 6)  show that the quartic terms contain 
appreciable contributions from the cubic parameters B and C 
so they should be relatively insensiti ve to the particular 
3+ - . rare earth ion in the RE -HI site. The parameter values 
which are obtained by this procedure are shown in Table 14. 
The parameter values which result when it is assumed that the 
quartic terms are all identically zero are also shown. 
The relative signs of the odd parity terms c and d are 
fixed by the least squares fitting procedure but their 
absolute sign is uncertain since the inversion related 
Hamiltoniaro H (z) and H (-z) ha ve identical eigenvalues. The 
only experimental observations which have been made that are 
sensitive to the overall sign of c and d are the isotope 
shift measurements in the EPR and optical spectra. The sign 
has therefore been chosen in accordance with these measurements, 
and the values 
C = -2. 00 x 10
1 2  ergs/cm2 
d - 3. 2 3 x 10
1 2  ergs/cm2 
ha ve been used throughout this work. 
TABLE 1 4  




S ites in Calcium Fluoride crystals  I 
-1  - 1  3 3 4 4 w sec w sec I C  I ergs/cm ! a l  ergs/cm g ergs/cm h ergs/cm 6f+k ergs/cm X 
1 .  9 3 1  X 1 0
1 4  1 4 2 . 1 3  X 1 0
1 2  1 2  
2 . 1 38 X 1 0  2 . 1 5 X 10 - - -
1 .  9 5 2 X 1 0
1 4  
2 . 1 4 1  X 1 0 
14 
2 . 00 X 1 0 
1 2 
3 . 2 3 X 1 0 
1 2  
- 1 . 8  X 1 0
1 9  9 . 8  X 1 0
1 9 2 0  




. 79 cm 
-1 
. 14 cm 




1 1 4  
(3) An Ionic Model for the Zero Field Splitting Isotope 
Shifts 
The simple electrostatic model of the interaction between 
h 4 f7 1 f h d 3+ . . t e e ectron o t e G ion and the surrounding ligands 
which was discussed in part I of this chapter may also be used 
to calculate the magnitude of the electron-phonon interaction, 
and hence of the zero field splitting isotope shifts . In 
review, the major assumptions of this model are: (1) the 
ligands are represented by a point dipole and a point charge 
19 at the shifted lattice sites postulated by Kiro and Low , 
and (2)  only the two dominant mechanisms are used to 
calculate the ground state splitting from the (screened) 
crystal field produced by the ligands. The reasonable success 
of this model in predicting the static crystal field parameter 
2 B0 encourages its application to isotope shift calculations; 
in fact it should be more appropriate since the effect of a 
single ligand only (the H ion) need be considered. 
It was shown in Chapter II that the electronic functions 
f . and g . . which occur in the electron-phonon interaction may l i J  
be expanded in a series of the Spherical Tensors c
1 The m 
expansion coefficients in these series have been evaluated 
1 1  by Zdansky for the point charge and point dipole models, and 
are reproduced in Appendix I. For the point charge model we 
have that, 
2 2 
< M l f I M> = 
- 3e < r > < M I Co
2
1 M> z 04 
<M I g I M> z z 
= -< M lg +g I M> = XX yy 
and for the point dipole model, 
(6 - 18) 
2 
< M l f I M> = 12ep< r > < M I Co
2
1 M> z D S 
2 
I I - 30 ep








< M l g +g I M> = 2 lep< r > < M l co
2
1 M> , XX yy D6 
where p = 
1 15 
(6-19)  
Another important contribution to the electron phonon 
interaction arises from the dipoles which are induced on the 
other ligand ions by the point charge of the hydride ion. 
Since the polarisation of the ligand wavefunctions is a 
purely electronic effect, the induced dipoles can follow the 
nuclear motion of the hydride ion. The crystal field which 
the dipoles produce at the Gd 3+ ion site is therefore 
modulated at the vibrational frequency of the hydride ion in 
the same way as for the direct point charge and point dipole 
mechanisms. The forms of f . and g . . for this dynamic F l l J  
dipole mechanism calculated in reference ( 1 1) are in error 
and are corrected in Appendix I. The contributions of the 
four F -
3+ ions which are common neighbours of the H1 and Gd 
ion to the relevant matrix elements are given by, 
<M I  f I M> z 
<M l g  J M> z z 
= 
2 -6e aD (F ) [ 5v2 1 U 
4 5 w (-2
- - l) P 3 (R) 
R S S 
2 2 
X <r > <M i ca J M> (6-20) 
< M j  g +g I M> XX yy 
1 1 6  
where the meaning of the symbols is indicated in Figure A- 1. 
The same formulae may be used to estimate the contribution of 




It should be noted that in equations 6-18, 6-19 and 6-20 
the higher order terms in c0
4 and c0
6 ha ve been omitted 
because their coefficients are much smaller than that of c0
2. 
If these terms were important they would produce an isotope 
shift in the spin Hamiltonian parameters b4° ,  b6 ° since the 
matrix elements of 04° ,  0 6 ° have the same M-dependence as 
c0
4, c0
6 ; such a shift is not observed. Some care is needed 
in e valuating the matrix elements <M j C  
2 j M> since both the 
0 
Hutchison and Wybourne ( relati vistic) mechanisms must be 
included . 
3+ The total zero field splitting isotope shift for CaF2 : Gd : 
H-/D may be written as , 
(6-2 1) 
where 6EM denotes the isotope-dependent part of the electron 
phonon correction to the vibronic ground state energy EM. 
This correction, which was pre viously e valuated in equation 
6- 1 3, may be logically divided into an "anharmonic" and 
"harmonic" part. The former consists of second order terms 
in volving the anharmon i c  potential well parameters c and d, 
whilst the harmonic part comprises the quadratic electron­
phonon interaction ter ms g
2 2 , 
gxx and gyy acting in first 
order of perturbation. The physical origin of these two 
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contributions may be readily visualised. Since the potenti al 
well of the X ion is a symmetric , the mean position of the x 
ion in the vibrational ground state does not coinc ide with the 
bottom of the potential well , as shown in F ig. 20. A straight­
forward calculation shows that , 
< O O O ' I Z I O O O ' >  = 
6cB  4 z 
hw z ·hw z 
(6 -2 2) 
and inserting numerical va lues we obtain sh ifts of . 0 2 3 ,  . 0 16 
and . 013i for H- , D and T respectively. The anharmonic 
terms in the isotope shift expression (6 -1 3) represent the 
differences in the crystal fields generated by the X anion 
for these three mean positions. The harmonic terms arise 
because the ground state wavefunction has a gaussian shape 
whose width is largest for the H ion , and smallest for T , 
reflecting the larger a mplitude of vibration of the former 
ion. Since the crystal field produced by the X ion is a non-
3+ -linear function of the Gd -X separation , the charge of the 
X ion cannot be regarded as being wholly concentrated at the 
mean position. The correction for this smearing out of the 
charge differs for H , D and T because of their different 
a mplitudes of vibration , and the harmonic terms in 6 - 1 3  
represent the isotope dependence of this correction. The 
harmonic and anharmon ic contributions to the ZFSIS of 
3+ - -CaF2: Gd : H  /D have been calcul ated for
 the point charge , 
point dipole , and induced dipole models by inserti�g the 
previously evaluated matrix elements of f , g z z  z z  
into equations 6- 1 3  and 6-2 1. A shielding factor of a 2 = 
0. 6 7 9 1 8 0  was used. Table 15 shows the results of this 
calculation. 
1 18 
It is evident from that table that the anharmonic 
contributions are generally much larger than the harmonic 
ones ; this is to be expected since for the point charge model 
-g
2 2  
= gxx+gyy' and only the anisotropy in w prevents the 
harmonic contribution from vanishing. As in the static 
crystal field calculation , the point charge and point dipole 
of the H ion give the dominant contributions to the total 
calculated isotope shift. The effect of the induced F ion 
dipoles is relatively small, but it should be pointed out that 
it is very sensitive to lattice distortions. The factor 
(1-3v2 ;s 2 ) that occurs in equation 6-2 0 vanishes for the four 
F ions which are mutual neighbours of the Gd 3+ and HI ions 
if no lattice distortions are present. The sum of all the 
contributions in Table 15 is -. 0 2 9 cm- 1, which is in very good 
agreement with the experimental result of -. 0 2 8( ±. 0 2) cm
-l 
given in Chapter V. Considering the approximation involved in 
the model this degree of  agreement is probably fortuitous. 
The theory may also be applied, with very little 
modification, to calculate the isotope shift in the 6 P71 2 
excited state which has been experimentally determined by 
Jones et al. 1 to be -2. 4 -1  (±. 5) cm  . The calculated value is 
- 2. 2  which is again in excellent agreement with experiment. 
Similar calculations to those described above have not 
3+ - -been attempted for SrF2 :Gd : H  /D because of the lack of 
information on second harmonic infrared frequencies from which 
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TABLE 15 
Contributions to the ground state zero field splitting isotope 
3+ - -shift for CaP2: Gd : H  /D calculated on a point charge/point 
dipole model 
Origin 
Point Charge of HI 
Point Dipole of HI 
Induced dipoles on 4F ions 
which are mutual neighbours of 
Gd 3+ and H -I 
Induced dipoles on remaining
3
! 
F- ions which are n.n. of Gd 
TOTALS 
* Units are 10-4 cm-l 
Anharmonic* 
Contribution 
- 15 3 
-114 
4 










the cubic anharmonic parameters c and d are calculated. The 
experimental isotope shift for this system is larger than 
3+ - -that for CaF2: Gd : H  /D by approximately 2 0 %. The model 
discussed in this section predicts a 10 % increase in the 
isotope shift due to the smaller values of w and w for SrF2, X Z 
but a 2 0 %  decrease due to the larger unit cell size for this 
lattice, assuming that the H
1 
ion remains at the centre of 
the cube of F ions. Larger va lues of the anharmonic 
parameters c and d could explain the larger isotope shifts 
which are observed in SrF2, but detailed calculations must 
await the determination of these parameters. 
1 2 1  
CHAPTER VII 
EPR SPECTRA OF TRIVALENT ERBIUM IN UNTREATED AND 
HYDROGENATED CALCIUM FLUORIDE 
I. EPR SPECTRA OF ERBIUM IN CALCIUM FLUORIDE 
Calcium f luoride crystals containing . 05 %  ErF3 were 
examined with the 35 GHz EPR Spectrometer over the temperature 
range of 3°K to 20°K. The EPR spectra showed severa l sets of 
strong absorption lines , each of which was surrounded by eight 
subsidiary sate llite lines. The main lines are due to the 
isotopes of erbium which have zero nuclear spin, and the eight 
satellite lines originate in the 68Er
1 6 7  isotope which has a 
nuclear spin of 7 /2 and a natural abundance of 23%. It was 
anticipated that the hyperfine structure wou ld be a source of 
difficulty when searching for the weak absorption lines 
3+ -expected for an Er -HI site in hydrogenated crysta ls. 
Consequent ly a sma ll quantity of isotopically enriched erbium 
oxide was obtained from the Oak Ridge National Laboratory 
(Oak Ridge, Tennessee, U. S. A. )  which contained 96 % of the zero 
1 . . 1 6 6  d 1 3%  f 
1 6 7 Th nuc ear spin isotope 68Er 
an on y o 68
Er . e 
oxide was converted to erbium f luoride by heating it with 
ammonium bif luoride in a platinum crucible at 300 °c, in 
accordance with the chemical process described by Spedding 
8 1  and Dane . Most of the measurements reported here refer to 
1 6 6  crystals of CaF
2: Er (. 05%) ; no measurements of hyperfine 
splittings were undertaken. The Q band EPR spectrum of 
1 6 6 CaF2: Er for the magnetic fie
ld para lle l  to the (00 1) 
direction is shown in Figure 2 1. 
1 2 1 4  1 6 
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Fig . 2 1 : Q band ( 3 3 . 38 Ghz) spect rum o f  calcium fluo ride containing .05 °/4_ of Er





The angular dependence of the EPR spectra and the 
measured g values showed that the main absorption lines arose 
f t 1 3+ - . . l 3+ rom a etragona Er -FI site, two trigona Er sites, and 
3+ . f b . . an Er site o cu ic symmetry, all of which have been 
t d · th li" terature8 2-8 5. Th 1 d repor e in e e g va ues measure in 
this work are compared with those previously obtained in Table 
16. The structure of the two trigonal sites has not yet been 
determined, but the site denoted Tr
2 
in table 16 definitely 
involves oxygen ions because the Tr
2 
spectrum was the only one 
observed in crystals doped with Er
2
o 3 rather than ErF 3. The 
Tr1 site occurred in all of the crystals doped with ErF 3, 
including some samples which showed only a very weak Tr
2 
spectrum. Tentative identifications of the two sites are 
indicated in table 16 . 
The EPR spectrum of the first excited state of the 
3+ - . tetragonal Er -FI site has been a source of confusion 
because whilst the origin of the spectrum was correctly 
8 4  identified by Baker et al. , their published value of g
J. 
is 
in error, being given as 6.76 instead of 1. 746. Ranon and 
8 3  Low reported the correct g values in a later work but these 
authors ascribed the spectrum to a different centre. The g 
values found in this work agree with those of Ranon and Low, 
and the identification of the spectra by Baker et al . was 
verified by measuring the temperature dependence of the 
spectrum.  If Eu and Ei are the energies of the upper and 
lower states involved in the EPR transition then the intensity 
of the transition is given by, 
12 4 
TABLE 1 6  
3+ G-val ues for var ious Er s ites in calcium f luoride . 
S ite T
O
K Symmetry gg gJ. Reference 
3+ 
2 0  Cubic 6 .  7 8 5  ± . 002  Dvi r & 
8 2  E r  Low 
II 2 0  II  6 . 78 ± . 01 
8 3  
Ranon & Low
84 Bak.er et al . 
5 II 6 .  774  ± . 00 5  This work 
3+ 
20 7 . 7 6 ± . 02 6 . 2 5 3 ± . 006 
84  
Er  -F Tetragonal Baker et  al. 
3+ 
2 0  7 . 78 ± Er -F Tetragona l . 02 6 .  2 54 ± . 00 5  
8 3 
Ranon & Low 
II 5 7 .  7 61 ± . 007 6 .  252  ± . 00 5  Th is  work 
II 2 0  I I  1 .  746  ± . 00 2  9 . 16 ± . 01 
8 3 
Ranon & Low 
II 2 0  II  6 . 7 6 ± . 02 *  9 . 1 1 ± . 01 Baker et  al�
4 
II 5 II 1 .  746  ± . 002  9 . 1 2 ± . 01 Thi s  work 
3+ 
Er -F ? 2 0  Trigonal Tr 
1 
3 . 3 0 ± . 01 8 . 54 ± . 02 
8 3  
Ranon & Low 
II 5 II 3 . 27 5 ± . 004 8 . 38 ± . 02 This  work 
3+ 2 -
4 . 2  Tr igona l 2 . 18 5 3 ±. 001  8 . 8 28 ± . 00 3  Vorggko et  Er  -F -0 ? Tr2 7 a l . 
8 . 84 3 ± . 010  
8 3 
2 0  " 2 .  206  ± . 007  Ranon & Low 
II 5 II 2 . 190 ± . 002 8 . 8 2 3 ± . 0 1 Thi s  work 
* Thi s  value must be in error 
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I = K sinh (flw/.zl<T ) exp ( -E/kT) ( 7 - 1 )  
where E = 
and w is the microwave frequency. A least squares fitting of 
the observed intensity to equation 7 - 1  showed that the best 
fit value for E was 20 cm- 1 , in excellent agreement with the 
- 1  optically determined position (2 1 cm ) of the first excited 
t t f th t t 1 3+ - ' t 132 s a e or e e ragona Er -FI si e . 
The angular dependence of the EPR spectra of this excited 
state was interesting because it appeared at first that , for 
certain orientations of the magnetic field , the crystal was 
emitting rather than absorbing microwave power . As the magnetic 
field orientation approached the direction of the four -fold 
symmetry axis the intensity of the EPR line rapid ly 
diminished . A few degrees past the axis the line vanished , 
and beyond this point the line reemerged with the opposite 
phase to that observed previously . This reversal of phase 
can be interpreted as a change from an abso rption lineshape to 
an emission lineshape and it is important to establish 
whether emission is actually occurring . After further 
examination it was found that the effect was partly instrumen­
tal in origin and partly due to the large anisotropy of the g 
3+ values for the tetragonal Er -FI excited state . The 
standard reference works on EPR do not mention this effect and 
it seems to have been hitherto unknown . It therefore is 
desirable to give a generalised discussion of this effect 
since it can occur when the magnet3 c resonance of any 
paramagnetic species which has sufficiently anisotropic g 
values is examined in a standard EPR spectrometer . 
(1) The Or ientation Modulation Ef fect 
126 
Suppose that the main magnetic field H is being rotated 
in the xy plane of some laboratory coordinate system (xyz) and 
makes an angle 0 with the x axis as shown in Fig. 2 2. Suppose 
also that the modulation field H cos wt is fixed along the x m 
axis, and that we are examining a paramagnetic species of 
axial symmetry with the g� axis in the xy plane waking an 
angle � with the x axis. 
The important point to note is that the field H is 
modulated not only in amplitude by H cos 0 cos wt gauss, but 
--H m 
also in orientation by _ H
m sin 0 cos wt radians. This latter 
orientation modulation has hitherto been ignored but is 
important for anisotropic spectra since it results in the EPR 
line oscillating around the field value H and hence producing 
a second kind of signal at the detector. Suppose that the 
overall signal produced at the detector is V, that the EPR 
l ine is centred about the value H (0 ) , and that the modulation 
0 
amplitude is very small compared to the linewidth. Then we 
have that for small changes in H and H , 
0 
t.V av t.H + = 
8H 
av l'iH = 
8H 




';JV liH rJH  o 
rJH  
0 
0 6 0) • 
a 0  
Using the usual effect ive g-value expression, 
( 7- 2) 
( 7 - 3) 
and the values of 6H and 6 8  evaluated above, equation 7-2 
becomes 
6V = av Hm cos wt  [cos e + 'a H 
sin e sin 2 (8 - cp) 
127 
(7-4) 
The first term in the bracket in equation (7-4) is the usual 
ampli tude modulation term, and the second term is the new 
orientation modulation expression. The latter can become 
significant if g# and g� are markedly different, and can exceed 
the amplitude modulation for strongly anisotropic spectra. 
3+ -In the case of Er -FI in CaF 2 g� 
= 1. 746 ,  g� = 9. 12,  
cp = 48°. The expression in square brackets in equation (7-4) 
has been evaluated for this case and is plotted in Figure 2 3 
along with the experimentally observed (normalised) EPR 
amplitudes . The experimental points in Fig. 23 have been 
corrected for off-axis line broadening. This effect was 
measured using pole-piece modulation coils. Deviations from 
the predicted curve may be due to an inhomogeneous modulation 
field (the sample size was one half of the radius of the 
modulation coils) , or to an error in measuring � 
This phase reversal effect has also been observed for 
other spectra of Er 3+ where ti1E g anisotropy is sufficiently 
large. In each case equation (7-4) correctly predicts the 
phase reversal effect and the angle at which it occurs 
(usually a few degrees past the g# axis) . 
In conclusion, it  appears that the observed phase 
reversals are adequately explained by orientation modulation 




Fig 2 2 :  The geometry of  the EPR experiment refe rred to in the text . 
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Fig  2 3 :  Comparison of the exp eri mental and theoretical EPR 




( 2 ) Mi n o r  3+ Features of the CaF 2: Er EPR Spectrum 
129 
Several weak EPR lines were also observed which were less 
than one twentieth as intense as the lines of the main sites. 
Although the angular dependence of these lines was not 
investigated in detail, their effective g values were measured 
for H//00 1  at a frequency of 3 3 . 38 GHz with the results that 
g = 24.0, 2 1.6, 13. 14, 5.56, 5.24 and 4.8 8. The first two 
values are interesting because they exceed the largest g value 
which has been observed for any rare earth ion in calcium 
fluoride, which is g = 17 . 8 for a Tb3+ site8 6 . The observed 
lines do not show the characteristic I =  3/2 hyperfine 
splitting of Tb 3+ and so cannot be due to this ion. A 
possible explanation of the anomalously large effective g 
value is that the transition is between the levels of two 
different Kramers doublets which have a separation of about 
- 1  1 cm . This was confirmed by measuring the field strengths 
of the lines for various frequencies in the Q band; this 
showed that the difference in the slopes of the energy levels 
for the g = 24 . 0  line did not correspond to a Kramers doublet 
with g = 24,  but rather to a 6g of 8 . 5  ± . 5 .  If it is 
assumed that the energy levels are linear functions of the 
field then the separation of the two Kramers doublets is .7 
-1 cm 
II. THEORETICAL INTERPRETATION OF THE G VALUES FOR THE 
3+ -TETRAGONAL Er -FI SITE 
. 87 10 Srnirnov and Presland have obtained sets of crystal 
n 3+ field parameters Bm for the tetragonal Er -FI site by 
1 3 0 
fitting the optical and EPR data for this site to the crystal 
field Hamiltonian 6-1. Smirnov did not attempt a full least­
squares fitting to the known energy level scheme, but used an 
argument based on the form of  the wavefunction for the lowest 
4 I
1512 
level (Z 1) .  The parameters which he derived 
4 satisfactorily predict the positions of  the first three I1512 
levels ( z 1- z 3) ,  and the g values of the z 1 and z 2 levels, but 
the predicted positions of the higher 4I1512 
shifts ( z4 -z 8 ) 
and the Stark splittings of the excited state multiplets are 
in poor agreement with experiment . Presland10 has derived a 
dif ferent set of parameters by a least squares fitting 
4 technique applied to the known energy levels of the I1512 
multiplet (Z 1-z 8 ) and the g values of  the z 1 and z 2 states. 
These parameters accurately predict the known data for that 
multiplet, and also satisfactorily predict the Stark splittings 
o f  the excited state multiplets. Although the g values of the 
z 1 and z 2 states have thus been satisfactorily explained by 
the full crystal field analysis of Presland, the following 
section will consider a more limited appro ach which does, 
however, give some physical insight into the origin of the g 
values and the possible combinations of g# and g� which may 
occur. 
The total crystal field is considered to consist 
predominantly of  the cubic pote�tial o f  a site of Oh symmetry 
together with a tetragonal perturbation due to the 
13 1 
interstitial F ion . 88 Lea, Leask and Wolf have numerically 
calculated the eigenvalues and eigenvectors of several J 
multiplets for a cubic crystal field . Their eigenvalue 
diagram for J = 15/2 is reproduced in Figure 2 4; the ordinate 
X is a parameter defined by Lea, Leask and Wolf which is 
determined by the relative magnitudes of the crystal field 
parameters B 4 and B6 . 
The appropriate value of X in the present case may be 
deduced by comparing the theoretical g values of 6 . 8 and 6 . 0 
for the r7 and r6 doublets in Figure 2 4  with the experimentally 
d d t t 1 f 6 77 f h b . 3+ measure groun s a e g va ues o . or t e cu 1c Er 
. 83 site , d 5 91  f th b . . f h . 1 . 2+ an . or e cu 1c site o t e isoe ectronic Ho 
. h '  h h h d f h 3+ · . ion . T is s ows t at t e groun state o t .e Er ion is r7, 
whilst for Ho 2+ it is r 6 and thus the value of X for these two 
ions must be close to -0 . 45 where the r 6 and r 7 levels cross . 
The value for Er 3+ must be greater than this to make the 
ground state r7 and it is convenient to choose X = -0 . 4  since 
Lea, Leask and Wolf8 8  have tabulated the wavefunction for this 
value . 
In a tetragonal crystal field the three r
8 
quartets each 
split in a y6 and y7 doublet, and the single r6 and r7 
doublets become y6 and y7 doublets respectively . 
(Here the 
y are labels for the irreducible representations of the c4v 
group . )  The g values of the J r6 y6 > and ! r7y7
� doublets are no 
longer isotropic as in the cubic case because the tetragonal 
crystal field mixes the r 6 and r7 with the r 8 states . 
Figure 2 2  it is evident that the two 
widely separated from the r6, r7 and 
upper r 8 quartets 
1 r
8 
states at X = 
From 
are 
-0 . 4, 
and so their admixture into the r7 and r6 states should be 
300 
J = 1� 2 
Fig . 24 :  Energy l ev e l  diagram fo r a J=1 5/2 multi p l et in  a cubi c 
88 
crystal fi eld ,  rep rodu ced from Lea , Leask , and '.'t o l f  
The o rdinate  X i s  de fined by , 
B X Ei£l , 
Bf = 1 - IXI FW 
where F(4)  and F( Ei )  a re S t.ev en s' mu lti p lying facto rs . 
\_/B6=0 fo r X=O , and B/B 6= !.OOfo r X= '! 1 • 
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1 3 3  
neg l igible for small tetragonal perturbations. The 
wavefunctions for the ! r 6y 6 > and ! r 7y 7
> states may therefore 
be taken as 
( 7 - 5 )  
I 1 I 1 1 where r 8 y 6 > , r 8 y 7 > are the components of the r 8 quar tet 
which form bases for the y 6 , y 7 representations of the c 4 v  
group respec tively . The g values of these two wavefunctions 
have been calculated for -n/2 � e � n/2 and are plotted in  
F igures 2 5 ( a )  and 2 5 (b ) . The g values of the Er 3+-F 
- site I 
may be fitted by the fol lowing angles 
= 3 °50 ' = 7 . 8 2 ( 7 . 7 8 )  gJ.. = 6 . 22 ( 6. 2 5 ) , 
= = 1 . 7 6 ( 1 . 7 5 )  g
j_ 
= 9 . 1 2 ( 9 . 1 2 ) , 
where the associ ated g values are also given and the 
experi mental g values are l isted in brackets . A value of 
e C:'. 5 9
° also fi ts the Y7  ground state but it  is  physically 
unreasonable because the r 8 
1 - r 7  separat ion is much energy 
greater than the r 8 
1 - r  6 spac ing and so the admixture for the 
y
7 
levels should be less than for the y 6 . 
3+ -Thus the exper imen tal g values of the tetragonal Er  -FI 
can be c l osely fi tted by the theoret ical g values of 
wavefunc tions whi ch are admixtures of the r 6 and r 8
1 states , 
or of the r
7 
and 
g value plots in 
1 
r 8 states . I t  may be ant i c ipated that the 
Figures 2 5 ( a )  and 2 5 ( b )  will be a useful 
3+ - . guide in interpret ing the EPR spec tra of the Er -HI s i te .  
One par ticular point of interest is that both 
W 
and g.L are 
1 3 4 
tlO r-----------------------------------, 
1 2 
1 1  
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Fig . 25(a): Valu e s  o f  g
11 
and gJ. f o r  wa v e fun cti ons whi eh a re adm j  xtures o f  
cubi c c rys ta l  field e i g en fun ct i on s . The a p p ro p i at e  values o f  6 
fo r the E r3+_ F; s i t e s  a re ind i ca t ed b.v d a s hed l ines . �esul ts  fo r 
the '(6 s ta t e  are p l o t t ed overl ea f .  
1 1, -
1 2 
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F1.g . 2 5( b ) : Va lues  o f  g
11 
and g.L ( continued) . 




3+ -near turning points for the y6 state of Er -FI and so any 
small change in the admixture coefficients will not affect 
these g values greatly. 
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III. THE EPR SPECTRA OF HYDROGENATED CRYSTALS OF ERBIUM-DOPED 
CALCIUM FLUORIDE 
(1 ) Introduction 
3+ The · optical spectra of hydrogenated CaF2:Er crystals 
10 has been investigated in this laboratory by M. Presland , 
with the following results: Two new sets of absorption lines 
appeared after hydrogenation , and one of these showed an 
isotope shift when deuterium was substituted for hydrogen and 
was also correlated in intensity with the I. R. spectrum 
observed by Jones et al .. 6. The corresponding Er 3+ site was 




structure discussed earlier in this work; the site responsible 
for the other set of lines was not identified. By comparing 
transitions between different multiplets a partial energy 
level scheme for the Er3
+
-H - site was deduced, with the I 
important result for this work that the lowest states of the 
4 ground I
1512 
multiplet are closely spaced , as shown in 
figure 28b. The EPR spectrum of the site is therefore 
expected to be complicated , because both the z1 and z 2 Kramers 
d bl · 11 b 1 d t t b about 4
°K ,  ou ets w1  e popu ate at empera ures a ove 
and also because of magnetic field mixing of the z
1 
and z 2 
eigenstates for off-axis field directions. 
137 
( 2 )  The EPR Spectra of Hydrogenated Crystals 
Crystals of calcium fluoride containing . 05 %  ErF which 3 
had been hydrogenated for twelve hours at 85 o0c showed a 
complicated EPR spectrum for H//00 1, indicating the formation 
f 1 3+ . o severa new Er sites . When the magnetic field was 
rotated away from the 0 0 1  axis in the 0 10 plane some of the 
new lines split into four components, a characteristic of 
sites of rhombic symmetry . The large number of magnetically 
inequivalent sites for these rhombic sites and the large 
3+ number of Er centres in the crystals made detailed 
examination difficult . However, the gx and gy axes of one 
rhombic site were located in the 1 10 plane; gx = 9 . 69 (± . 0 1) 
and the axis is tilted by 2 3 . 3° from the 00 1 direction, and 
g = 3 . 238 ( ± . 005) . A s ite with trigonal symmetry about the y 
(111 )  axis was also identified and the values g = 3 . 67 2  
(± . 005) and g = 8 . 27 (± . 0 2) were measured . The g values of 
the latter site are the same, to within experimental 
uncertainty, for deuterated crystals .  The room temperature 
infrared spectrum of these crystals is also complex, in 
3+ -addition to the two absorption lines of the tetragonal Er -HI 
site observed by Jones et 
at 1056, 1 139, 126 1, 1 30 3 
6 al . , there are also strong lines 
and 1374 cm- 1 . The lines at 1056 
- 1  and 1 139 cm are correlated from crystal to crystal and 
increase in intensity when a crystal is stored at room 
temperature for a few months . 
The large number of different Er 3+ sites observed in 
these samples precluded the identification of the EPR lines of 
3+ the tetragonal Er -HI centre . Consequently a second batch 
of crystals was prepared by hydrogenating at 700°c for six 
hours . The infrared spectrum of these crystals only showed 
1 3 8  
3+ -the lines of the Er -H1 site, and the EPR spectrum (figure 
2 6 )  was also much simpler than for the more strongly 
hydrogenated samples. However , the maximum intensity of any 
of the new EPR lines was only about one thirtieth that of the 
lines which were also present in the untreated crystals. 
( 3 )  Interpretation of the EPR Spectra 
The new absorption lines which appear after hydrogenation 
are labelled R1, R2 , Tg1 . .. Tg3 in figure 27 . The lines R 1 and 
R2 are due to the rhombic site which was discussed in the 
previous section. It is tempting to equate this site with 
that observed optically by Presland because of the simul­
taneous occurrence and the absence of isotope shifts for the 
- 1 two spectra ; however, the excited z 2 state at 8 cm reported 
by Preslana 1 0  was not observed in this work . 
The proposed interpretation of the three Tg lines is as 
3+ follows: The three lines are due to the tetragonal Er -HI 
site ; specifically the Tg1 and Tg2 lines are transitions within 
an excited y6 (Z2) Kramers doublet for field directions 
perpendicular and parallel to the four fold axis respectively, 
and the Tg3 line is a transition within the ground y7 (z 1) 
doublet for the parallel field orientation . The EPR line for 
the ground doublet in the perpendicular field orientation is 
3+ - . obscured by the equivalent line for the Er -FI site. 
interpretation is based on the following observations: 
This 
(a) Angular Dependence of the Spectra. All of the Tg 
lines were either at maximum or minimum field strengths when 
the field was parallel with the (0 01) crystalline axis . The 
g values for other field directions in the (1 00) plane are 
2 . indicated in figure 27 in the form of a plot of g versus 
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F ie o 2 6 : 0 b and ( 33 . 5  Ghz ) EPR spectrum o f  hydrogenated calcium 
The spectrum above 1 0 Kg i s  reproduced at the top left 
the text. 
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fluo ride containing . 05 % of Er1 6 6F � , recorded at 5°K . 
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2 2 Plot o f  g versus c o s  S for a euterated calcium fluoride  doped 
with . 05 % Et�� when the magnet i c field is rotated in the ( 1 00)  
plane and mak es an angle 9 with the ( 001 ) axi s . The unlabelled 
lines  are fo r the Bl .. F; s it e , and the cl a shed lines i nd :i cate their 
linewid ths . Solid  dots rep rE:f ent the expe rimenta l measurements . 
14 1 
the (00 1) axis . This form of plot is useful in EPR analysis 
because a straight line should result for an isolated Kramers 
doublet. Values of g2 and the linewidths of the Er 3 + -FI
­
ground state are also given in figure 27 so as to indicate 
the regions of the spectrum for which weak lines are obscured . 
It is evident from the diagram that the points for the 
Tg1 and Tg2 lines can be interpolated with a straight line, 
indicating that these transitions occur within the same 
Kramers doublet. In the interpretation given here the Tg1 
line for H//00 1  should str i ctly be a degenerate doublet which 
splits into two distinct component lines for other field 
orientations. Only a single line is observed. However a 
. . b b ' l '  1 1 . 1 3 1 f h 1 . trans ition pro a i ity ea cu ation or t e re ative 
orientations of the crystal, static magnetic field and 
RF field used here shows that the intensity of the second 
2 2 component should be only gll /g� = 1/3 3  that of the observed 
component; hence the apparent absence of the second component 
line is satisfactorily explained. 
The results for the Tg3 line may also be fitted with a 
straight line. By extrapolating to 8 = 90° it is possible to 
predict a value of g� of approximately 6. 1, which is 
3+ -sufficiently close to gi. (6. 2 5) for the Er -FI site for the 
corresponding EPR line to be obscured. 
(b )  G Values and Isotope Shifts. The measured g values 
for the three lines for both hydrogenated and deuterated 
crystals are given in table 17. There is a well resolved 
isotope shift in g# for the ground state, but the shifts 
observed for the y6 excited state are within the estimated 
experimental uncertainties. However, for g// the results 
given are the average of four measurements on different 
142 
crystals and the standard deviation was less than . 00 2. The 
difference in the g values is, therefore, significant. 
Furthermore the Tg2 line displays an unusual asywmctric line­
shape which differs reproducibly between hydrogenated and 
deuterated crystals. ( A  possible cause of this asymmetry will 
be discussed later . )  The g values and very small isotope 
shifts for the Tg1 and Tg 2 lines are consistent with the 
insensitivity of the g values f�r a ! r 6y 6 > state near e = -38
°, 
as shown in Fig. 25 (b) . The Tg1 and Tg2 lines are therefore 
assigned to a Kramers doublet of this symmetry designation. 
(c) Temperature Dependence. The Tg3 line increased in 
intensity monotonically as the temperature was reduced from 
15°K to 3°K, in accordance with the normal exp (-nw/kT) 
dependence for a Kramers doublet ground state. In contrast 
the Tg2 line attains a maximum intensity at about 7. 5
°K for H 
and 6 °K for D-, and diminishes in amplitude above and below 
these temperatures. By fitting the observed line intensities 
0 0 between 3 K and 15 K to the expression (7-1) it was found that 
the Tg2 line corresponds to a transition between two excited 
- 1 - - 1 -states whose mean energy is 7 cm ( H )  or 5 cm ( D ) above 
the ground state at a field of 14 Kg. If the proposed value 
of g� for the ground state is accepted then at zero field the 
- 1 - 1 - - 1 - 1 
excited doublet lies at 4 cm ± 1 cm (H ) or 2 cm ± 1 cm 
(D-) above the ground state, in good agreement with the 
optical measurements. 
( 4 )  The Form of the Spin Hamiltonian 
143 
The form of the spin Hamiltonian which is appropriate in 
the present case can be deduced from the results given in 
Appendix II. For S = 3/2 the non-zero terms are : 
SH = 0 0 ( 1 1 2 O b2 T2 (S) + S  g#H2S2 + g� (HxSx + HYSY) + g#H 2 T3 (S) 
2 
+ g� (Hx (T3 1 (S) + T3_ 1




(Hx (T33 (S) - T3_3 (S) - iHY ('l'33 (S) + T3_3 (S) ) )J. (7-6) 
This expression contains six unknown parameters, whereas only 
three transitions were observed, and so it is not possible to 
determine their values. 0 The parameter b2 is particularly 
significant because this determines the y6-y7 separation in 
zero field. Figure 2 8a shows the energy level diagram for the 
parallel field orientation when the optical data is used to 
evaluate the y6 -y7 spacing. The latter could be directly 
determined by EPR if the transition shown in the figure between 
(Here the 
y
n ' are irreducible representations of the c4 group, which is 
the site symmetry with H//z.) However, the corresponding EPR 
line is expected to be very broad and of low amplitude because 
the y
6
-y7 spacing is sensitive to strain induced variation in 
the crystal field. In contrast the observed lines, which are 
transitions within Kramers doublets, are insensitive to strain 
to first order. 
Second order effects provide a possible explanation of 
the asymmetry of the Tg,> line. This asymmetry is most unusual .. 
because it is the reverse of that which is frequently observed 
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with a mosaic structure. The cause of the asymmetry in these 
cases is the distribution of principal axis directions within 
the sample, and the nett effect for axial spectra is that the 
g� line is broadened on the side closest to the g� line, and 
vice versa . However, the Tg2 line is broadened on the high 
field side for both hydrogenated and deuterated crystals; the 
asymmetry being much more pronounced in the latter case. The 
effect is not instrumental in origin because the equivalent 
1 7 4 6 1 . f th 3+ - " . h . h 1 b g = . 1ne or e Er -FI site, w 1c cou d e observed 
at higher temperatures, was recorded with a symmetrical line­
shape . 
A possible explanation is that impurity-induced random 
strains within the crystal produce a small crystal field 
component of rhombic (c1) symmetry, which varies randomly from 
site to site, superimposed on the dominant c4v component. In 
this case the levels which were labelled ! y6y6 ' > 
and ! Y7 Y8 ' > 
for pure c 4 symmetry can no longer intersect and are repelled 
from each other, as shown schematically in figure 28a. The 
deviations from the behaviour expected for c4 symmetry will 
only be significant when the levels are near degenerate, 
3+ - 3+ -which occurs for Er -H1 at about 2 1  kg and for Er -D at 
about 14  kg. Suppose that the rhombic crystal field component 
V (C1 ) follows some symmetrical distribution function which has 
a maximum at V (C1) = 0 .  The corresponding distribution 
function of resonant field strengths for the Tg2 line will 
rise sharply to a peak at the field corresponding to the case 
of V (c1) = O, but then will gradually diminish for higher 
field values, in accordance with the observed lineshape. 
Y 6 
'( 6 
4 8 3/2 I � 
7
1 �5/2 1 
I I 
" 7 
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Fig . 28(�:Comparison of experimental energy levels for the Er-H site ,  taken from table 4 of  reference 1 0 , with those 




This model also predicts the increased asymmetry for the 
3 +  _ .  Er -DI Tg2 line because the energy levels for this site are 
more closely spaced at the field of 14 Kg where the Tg2 line 
is observed. Furthermore, the model is also in agreement with 
h b . 1 2 2  h t e o servation t at the asymmetry is much reduced at x 
band as compared with Q band. 
(5) Parameterisation of the Crystal Field 
Although there is insufficient data to evaluate the spin 
Hamiltonian parameters, it is possible to determine the 
crystal field parameters directly by combining the EPR data 
10 reported here with the optical measurements of Presland . 
3+ -The crystal field parameters of the Er -HI site have been 
previously evaluated by a least squares fitting to the measured 
energy separations of certain Stark levels. However, the 
predicted values of g,? = 12 . 34 and g
.l. 
= 2. 69 for the z 1 ground 
state are not substantiated in this work, although the 
corresponding values for the z 2 state are in satisfactory 
agreement . The discrep�ncy is not unexpected in view of the 
sensitivity of the z 1 g values to the crystal field parameters, 
and since five parameters were fitted to five experimental 
observations the confidence level in the values obtained 
3+ -
cannot be as high as in the case of the Er -FI site. A 
reevaluation was therefore undertaken 
The experimental data chosen for the fitting comprised 
multiplets plus the 
multiplet, together with 
the values of g# (z 1 ) ,  gA', (Z2) and gj_ (Z2) which were measured 
here. These eight observations were weighted in the fitting 
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routine in accordance with the experimental uncertainties, and 
the necessary matrix elements and operator equivalents were 
taken from the previous work1 0  The resulting best fit 
parameters, which are not greatly different from those derived 
by Presland, are given in Table 18, and the predicted energy 
levels are confronted with the experimental measurements in 
figure 28b. The predicted g values for the z 1 and z 2 states 
together with the experimental observations in parentheses are 
given below: 
= 7 . 4 8  ( 7  . 4 6 5 ) , = 6 . 2 3 (6 . 1) 
= 1.6 1 (1.68 3) ,  = 
Values of gL were calculated from the relation 
= ( 7 - 9) 
where H� is the field at which the corresponding transition 
is observed. The effects of magnetic field mixing shown in 
Figure 28a make these effective g values slightly smaller than 
the true low field g values, but they have the advantage that 
they are directly comparable with the experimental results. 
The good fit which was obtained to both energy levels 
and g values encourages confidence in the derived parameters. 
It is especially significant that the experimental value for 
g
.L
(z 1) which was estimated by extrapolating the angular 




is in good agreement with the predicted value. The 
B0
2 is consistent with that estimated in Chapter VI 
Gd
3+ _H - site (80 0- 1 050 cm-
1) ,  and furthermore the 2 6 %  I 
149 
.. TABLE 17 
3+ G value s  for tetragona l Er s i tes  in  calc ium fluoride 
S i te 
3+ -Er -H 
3+ -Er -D I 
g# ( z 1 ) 
7 . 465 ± 
7 . 3 30 ± 
g/,1 ( z 2 ) gJ.. ( Z 2 ) 
. 0 1  1 .  68 3 ± . 0 0 1  9 . 09 ± . 0 5 
. 0 1  1 .  680  ± . 0 0 2  9 . 0 3 ± . 0 5  
TABLE 1 8  
Crys tal f i e l d  parameters ( in cm-1 ) for te tragonal Er 3+ s i tes 
in calc ium f luoride 
S i te 
3+ Er  -F 
3+ -Er -H 





* 613 . 8  -761 . 2  
* 729 . 2 - 12 0 . 0  






6 Re ference 
908 . 5 8 - 10 8 3 . 4  - 8 42 . 30 Presland 
10 
10 10 2 3 . 2  - 787 . 9  -571 . 1 Presland 
8 8 0 . 5  - 645 . 9 -5 62 . 8  This  Work 
* These  va lues have been converted from the Stevens 
norma l i s at ion wi th the aid o f  Table 8 in  re ference 127 . 
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3+ increase in this parameter from the Er -FI site to the 
Er 3+ -HI - site is very close to the corresponding figure (2 4 % )  
for Gd3
+ . 
The parameter val ues in tab le 1 8  have therefore been used 
in the fol lowing cal cul ation of g value isotope shifts . 
( 6 )  Isotope Shifts 
The theory of isotope shifts deve loped in Chapter VI can 
be applied to the present case with very few modi f i cations. To 
recapitul ate , the e l ectron phonon interacti.on between the RE 3+ 
ion and the H ion is responsibl e for corrections to the 
e l ectroni c  energy leve ls which are given by equation 6 -12 . 
These corrections differ for hydride and deuteride ions , 
giving rise to an isotope shift. The isotope shifts obtained 
from off-diagonal contributions of the type < � . I f  , � . > are l X J 
sma l l  for the ground states and can be ignored .  The remaining 
terms have the form given in equation ( 6 - 13 )  whi ch is 
reproduced here for convenience : 
= 
f3 2 ( < /h  I I th >  � < lh . J f J lh . > ) 
z � i  gz z  � i  - L � 1  z � 1  mw 
( 7 - 7 ) 
The electronic operators fz , gz and g +g c an be represented XX yy 
Q, • 
as l inear combinations of the tensor operators c0 
, as given 
by equation 2 - 8 , and so the energy l eve l corre ctions c an be 
considered as be ing due to an effe ctive perturbation 
Hami ltonian of the form ; 
15 1 
V = ep ( 7 -8)  
where the 6B0
1 
coefficients incorporate the vibrational 
quantities in (7-7) , and also the a, S ,  y coefficients of 
( 2 -8 ) . It can be readily established that the hydrogen to 
deuterium isotope shift in the 6B0
1 is given by, 
= (7 - 10) 
since the isotope dependence is contained entirely in the 
factors S 2 and B 
2 in equation (7-7) . To proceed further with Z X 
the calculation the values of the vibrational parameters w ,  
X 
3+ - . wz, c and d appropriate to the Er -HI site must be determined. 
By interpolating 
3+ -for Gd -HI and 
the results obtained in the previous chapter 
3+ - . Tm -HI sites, the following values are 
found to be appropriate for the ionic radius of Er 3+ , 
w = 1 .  9 9 7  X 10 1 4  Hz, w = 2 . 1 25 X 10
1 4  Hz, 
X z 
2 . 18 10 1 2  ergs/cm 3 = X 
d 3.35 10
1 2  ergs/cm 3 X . 
The point charge-point dipole model may now be used to 
calculate the parameter increments (7-10 ) , assuming the same 
lattice distortions as found for ce 3+-H - sites by ENDOR
7 3. I 







- 2 1 .  7 - 1  cm 
- . 9  - 1  cm 
6B0
4 (H-D) = -4 . 6  
- 1  cm 
No allowance has geen made for electrostatic shielding 
2 effects, which are expected to be large for B0 , but less 
1 5 2  
important for B0
4 and B0
6 . For the Er 3+ ion the quadrupolar 
h . ld . f h b . 11  . d8 0  s i e  ing actor 0 2 as  een experimenta y es timate at 
0 . 6 ,  and by compar i son with calc ulated va lue s for other rare 
earth ions it is reasonable  to take 04 
= . 1  and 0 6 
= . 1 . Wi th 
the se  shielding factors  the revi sed parameter increments are 
6B0
2 ( H-D )  = -8 . 7  
6B0 
6 - . 8 - 1 cm 
- 1 cm 6B0
4 ( H- D )  = -4 . 1 - 1  cm 
The relationship between the se pa rameter increments and 
the corre sponding g val ue i so tope shi fts  c an be found 
numerically  by calculating the expectation values of the c0 £ 
operators for the e igenfunc tion� o f  the Hami l tonian which 
contains  both c rys tal and magnetic  field  terms . Us ing the 
crys tal f ield parameters  determined in the previous section 




2 4 6 - . 0 2776B0 + . o o 8 0 6B 0 + . 0 270 6B0 
. 
2 4 - . 0 0 0 2 6B
0 
+ . o o o 3 6B0 
6 . 0 0 0 66B
0 
2 4 6 - . 00 17 6B
0 
+ . 0 0 10 6B
0 
+ . o o o 3 6B0 . 
(7 - 1 1) 
On substituting the parameter increments into the se  equations 
the predicted hydrogen to deuterium g val ue i so tope shifts  can 
be found and are given below , togethe r wi th the exper imental 
value s  in parenthe se s : 
(+ . 1 3  ± . 0 2 )  
( + . 0 0 3 ± . 0 0 3 ) 
(0, ±.1 ) . 
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The experimental uncertainties in the z 2 g value shifts 
are comparable with the shifts themselves and so a comparison 
with the predicted values does not provide a good quantitative 
test of the theory. However theory and experiment are at 
least consistent in that only very small shifts are involved. 
In contrast the experimental i sotope shift for gff of the z1 
level is much larger than its uncertainty, and a comparison 
shows that the experimental and predicted isotope shifts are 
of the same sign and nearly the same magnitude. 
Thus the point charge-poi nt dipole model for the electron 
phonon interaction is in satisfactory agreement with the 
3+ - - . 3+ isotope shifts observed for both Gd -H /D sites and Er -
H-/D sites in calcium fluoride. The relative success of this 
model will be further discussed in the conclusion (Chapter 9) . 
CHAPTER VIII 
3+ - 3+ -THE REORIENTATION OF GD -FI AND GD -HI ELECTRIC 
DIPOLES IN CALCIUM FLUORIDE CRYSTALS 
Introduction 
Rare earth doped calcium fluoride has become an 
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important material for studying the reorientation of dipolar 
defects subject to an applied stress or electric field . The 
rare earth ion is charge compensated by a nearby defect of 
effective unit negative charge which can migrate between 
several equivalent positions. This thermally activated 
hopping motion is equivalent to the reorientation of the 
electric dipole formed by the RE3+ and defect ions, and can be 
observed and measured by Dielectric Loss and Ionic  
Thermocurrent (I . T.C.) techniques . In  particular, calcium 
fluoride doped with the rare earth fluoride has been 
extensively investigated because of the 
established character of the tetragonal 
simplicity and well 
3+ - . RE -FI S l  te 
d iscussed in earlier chapters of this thesis. The F 
interstitial can occupy any one of the six interstices 
located at (0, 0, ±a) ,  (0, ±a, O) or (±a, 0, 0) , where a is 2 . 7)(, 
one half the length of the unit cell for calcium fluoride. 
The reorientation mechanism has been assumed hitherto in the 
literature to be a simple jump of the F I between two adjacent 
interstitial positions . 
An EPR experiment with the magnetic field along the (001) 
axis distinguishes between the two RE3+_FI
- sites which have 
their symmetry axes parallel to the field, and the four which 
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have their axes perpendicular to the field. Distinct spectra 
from the two kinds of site are observed. The hopping motion 
of the interstitial between these two types of site results in 
lifetime broadening of  the electronic energy levels of the 
rare earth ion because of the Heisenberg uncertainty relation . 
This can be observed a�; a corresponding lifetime broadening of 
the RE 3
+ 
EPR lines and a measurement of the linewidth can, in 
principle, yield information complementary to that obtained by 
the Dielectric Loss and I . T . C. techniques . Although this EPR 
method yields relaxation frequencies over a relatively narrow 
7 8 range (approximately 1 0  -10 Hz) , the measurements are 
valuable because the relaxing ionic species is directly 
identified . 
Franklin and Marzullo9 0  have recently measured the 
1 · · f d3 + - · · b th re axation times o G -FI dipoles in CaF 2 Y e EPR 
line broadening technique, and also by Dielectric Loss 
measurements . In this chapter the results of similar measure-
3+ - 3+ - 3+ -ments on Gd -HI , Gd �DI and Gd -FI dipoles will be 
presented . Frnaklin and Marzullo ' s  observations for the 
latter species have been extended by higher frequency 
dielectric loss data and by improved linewidth analysis 
techniques. 3+ 
- 3+ -The new results for the Gd -HI and Gd -DI 
dipolar species are qualitatively different from the case of 
3+ -Gd -FI dipoles ; conse quently the latter part of this chapter 
will be concerned with comparing and contrasting the 
expected and observed reorientation behaviour of these three 
dipolar systems . 
I. EPR LINEWIDTH MEASUREMENTS 
( 1) Experimenta l Techniques 
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Preliminary experiments indicated that a great deal of 
care was necessary to record a true, undistorted lineshape. 
The major di fficulty arises at high temperatures where the EPR 
lines are strongly broadened and, consequently, greatly 
diminished in amplitude. In order to obtain a sufficiently 
intense spectrum the spectrometer sensitivity must be boosted 
by increasing the microwave power, the modulation amplitude, 
and the detector time constant. There is an upper limit to 
all of these factors at which the lineshape becomes distorted 
by microwave power saturation, modulation broadening etc. In 
the final measurement runs the optimum pre-distortion power 
level was determined empirically and the modulation amplitude 
and time constant set by the empirical criteria proposed in 
Poole ' s  book 9 1. 
Two additional factors are important in the recorded 
low temperature lineshape: sample temperature fluctuations, 
and temperature induced sample orientation changes. The 
first effect is due to the temperature dependence o f  the zero 
field splitting which produces a shift in the measured line 
0 positions of approximately 1. 5 gauss/ K. Thus i f  the sample 
temperature shifts by one degree during the scan of an EPR 
line the recorded linewidth will be signi ficantly different 
from the true linewidth of approximately 15 gauss. This 
effect was minimised by allowing the sample ten minutes to 
reach thermal equilibrium after a ten degree temperature 
resetting, and by using the smallest scan time compatible with 
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the detector time constant . The sample orientation can also 
be changed by temperature fluctuations due to differential 
thermal contraction in the sample glue. Since the residual 
EPR linewidth is orientation dependent these orientation 
fluctuations can produce changes in the recorded linewidth . 
This effect is minimal for the (00 1) field orientation at 
which the spectra were recorded because the EPR lines are at 
a turning point in thiE; direction; the needle-shaped sample 
was also a tight fit inside the hollow quartz tube which 
greatly limited any possible shift of the sample. 
The particular EPR lines whose widths were measured in 
1 3 -these experiments corresponded to the M = -2 + - 2 (F ) or 
3 5 - -M = - 2 + - 2 (H , D ) transitions . These lines were considered 
the best for measurement since they did not overlap neighbour­
ing lines at high temperatures. The linewidth measurements 
3+ - 3+ - 3+ -were performed for Gd -FI , Gd -HI and Gd -DI dipoles in 
calcium fluoride but Gd 3+-TI
- dipoles were not studied because 
f h 1 . f d 3+ - . d 1 b o t e ow concentration o G -TI sites, an a so ecause 
of the problem of overlap with Gd 3+ -HI contaminant . 
The recorded linewidth should differ from the true 
linewidth by no more than ± 1% since the methods discussed 
above were used to prevent instrumental broadening of the EPR 
lines. The residual low temperature linewidth is approached 
asymptotically and so the estimated uncertainty in this value 
is somewhat larger at ± 2 % . 
(2) Theoretical Analysis of the Linewidth 
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An inhomogeneously broadened EPR line may be thought of 
as an assembly of individual resonance lines, or " spin 
packets '' which all have slightly different resonant field 
strengths. The distribution in resonant field strengths may 
be due to such mechanisms as an inhomogeneous magnetic field, 
spin-nucleus interactions, or crystalline mosaic structure. 
The overall lineshape ( Fig . 29) is then the convolution of the 
spin-packet lineshape with the distribution function of 
resonant field strengths . 
For the RE3+ _anion systems discussed in this chapter, the 
width of the spin packets is determined not only by the usual 
spin-lattice relaxation time, but also by the relaxation time 
associated with the anion hopping motion. If these two 
mechanisms are independent the total spin-packet linewidth 
6HT is given by, 
= 
where 6 HSL ' 6 HAH are the linewidths which would result if 
each mechanism acted alone . 
(8 -1) 
The relative magnitudes of the two terms in equation 
(8 - 1) depends critically on the particular rare earth ion and 
temperature region under consideration. For most of the 
trivalent rare earth ions the spin lattice contribution 
increases rapidly with increasing temperature and over­
whelmingly dominates that of the anion hopping motion. 
However, gadolinium is an exception becuase its 8s712 
electronic ground state is only weakly coupled to the 
surrounding crystal lattice ; consequently the spin _ lattice 
contribution increases relatively slowly with increasing 











temperature and so may ultimately dominate the observed spin 
k t 1 . . d h h d3+ . . 1 . d h pac e inewi t . T us G is unique y suite amongst t e 
rare earths for defect reorientation measurements using the 
linewidth technique discussed here . 
The spin packet linewidth at very low temperatures is 
small relative to the total observed linewidth and so the low 
temperature EPR lineshape may be identified with the 
distribution of spin packet resonant field strengths, as 
discussed previously . Thus the overall lineshape at higher 
temperatures is the convolution of a Lorentzian spin packet, 
whose linewidth increases with temperature, and a temperature 
independent distribution function. If the latter is 
Lorentzian in shape, the total peak to peak linewidth 6T is 
given by 
= (8-2) 
where 6L1, 6L2 are the peak to peak linewidths of the spin 
packet and the distribution function. The more usual case of 
a Gaussian distribution function has been investigated 
92  numerically by Stoneham , who found that the total linewidth 
is given to within 1% uncertainty by, 
= 
2 .46 2 16
L 
+ . 90856G L + 6 
2 
G ( 8 - 3 )  
where 6G is the peak to peak width of the distribution 
function , and 6L is that of the spin packet. Thus it is 
important to ascertain the exact shape of the low temperature 
linewidth because the formulae (8 -2)  or (8 - 3) will yield 
16 1 
different results for the spin packet linewidth. The analysis 
3+ -of the linewidths for the Gd -FI site by Franklin and 
90 Marzullo is unsatisfactory in this respect because they 
inherently assumed equation .(8-2) was valid although they 
observed a Gaussian lineshape at low temperatures 
The shapes of the low temperature first derivative EPR 
3+ - 3+ - 3+ -lines for Gd -FI , Gd -DI , and Gd -HI sites was carefully 
recorded in this work, and compared with the theoretical 
curves for Gaussian and Lorentzian first derivatives tabulated 
in Poole ' s  book9 1. In all three cases 
intermediate between the two, that for 
the lineshape was 
3+ -Gd -HI dipoles being 
3+ -most closely Lorentzian, and that for Gd -D1 dipoles being 
most closely Gaussian . Neither formula (8 - 2) nor (8 - 3) is 
therefore directly applicable. The three derivative line­
shapes were then integrated by means of a mechanical 
planimeter to give tru e absorption curves, and compared with 
other established lineshapes. They most closely matched the 
V . 1 ·  h 9 1 h '  h . 1 . f . d oigt ines ape , w ic is a convo ution o .  Lorentzian an 
Gaussian functions of arbitrary relative widths. The Voigt 
lineshape can take on any shape intermediate between 
Lorentz ian and Gaussian depending upon the ratio b of its 
Lorentzian and Gaussian component widths. A value of the ratio 
b for each curve was estimated by comparing the observed 
lineshapes with Posener 1 s 9 3 tabulations of the Voigt lineshap� ;  
the actual values of the component linewidths were then 
obtained from equation 8 -3. 
The overall high temperature lineshape observed in this 
work for the three Gd 3+ -anion sites thus consists of the 
convolution of a temperature independent Voigt lineshape, 
16 2 
which is itself the convolution of Gaussian and Lorentzian 
components, with a temperature dependent Lorentzian spin 
packet . The linewidth of the latter component was extracted 
from the total linewidth by applying equation (8- 3) ,  assuming 
that the linewidths of two Lorentzian components were simply 
additive in the sense of equation (8-2) . 
This analysis procedure has been discussed in detail 
because it represents a significant improvement over that 
adopted in the previous work by Franklin and Marzullo9 1  The 
accuracy of the extracted spin packet linewidths should be 
especially improved in the region of weak line broadening 
since these results are particularly sensitive to the assumed 
low temperature lineshape . 
by: 
( 3) The Linewidth-Lifetime Relationship 
The Lorentzian spin packets have a shape which is given 
g (w ) = ( 
2T ) 
1 2 2 +w T 
(8 - 5)  
where T is a  parameter associated with the linewidth. 
k · 9 5 · d f 2+  . 1 . . 1 Wat ins , 1n a stu y o  a Mn -vacancy system 1n NaC s 1m1  ar 
to that under present discussion, has shown that the 
relaxation time associated with the vacancy hopping motion is 
j ust the T appearing in equation (8 -5) . It may be readily 
established from the magnetic resonance condition and equation 
(8 -5) that 
( 8 -6)  
where liliL is the peak to peak width of the derivative of the 
spin packet . Inserting numerical values for Gd 3+, (8 -6) 
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becomes : 
T = 6 . 59 X l0 -8/6HL ( 8 -7 )  
or V = 1;2 n t  = 2 . 4 1  X 10 6 6HL 
Thus by uti l i sing equat ions ( 8 -2 ) , ( 8 - 3 ) and ( 8 -7 )  the 
relaxation frequenc ies  ( or  l i fetime s ) for Gd3+ -anion dipole 
reorientat ion may be read i ly obtained from the observed 
variation o f  EPR l i newid th versus  temperature . 
(4) Results  
The measured relaxation frequenci e s  for  all  three 
dipo lar spec ies  are plotted against  reciprocal temperature in 
f igure 3 1 .  
3+ -
3+ -I t  i s  evident that the resul ts for Gd -F 1 and 
Gd -DI dipoles  are  j ust  thos e  expected for  a c las s ical  
relaxation system which has a rel axation frequency v given by : 
V = v0 e xp(-E/kT) , ( 8 -6 ) 
whe re E i s the height  o f  the energy barrier  whi ch the 
intersti tial  anion mus t  surmount in order for the dipo le to 
reorientate . The pre -exponential  factor v0 may be 
approximately  interpreted as the frequency o f  vibrat ion o f  
the inter stitial  i n  i t s  potent ial  wel l . The parame ters  v0 and 
E were determined for both dipol ar spec i e s  by performing a 
least  squares f i t  o f  equation 8 -6 to the exper imental 
rel axation frequencies , wh ich we re we ighted in accordance 
with the uncertai nties  indi cated in Figure 3 1 .  Table 19 
l i s ts the resul ting be s t-fit  parameters . Both spec ies  have 
s imi lar  ac tivation energie s , but the pre-exponential  factor 
for  Gd 3+ -D 1
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Fig . 3 1 : Relaxation frequencies for three tetragonal G d
.3+ s j tes in  




3+ Relaxation parameters for several Gd sites in calcium 
fluoride determined by various techniques. 
Site 
3+ -Gd -F I 
I I  
I I  
II  
II  
I I  
3+ -
Gd -H I 
3+ -Gd -H I 
3+ -Gd -D 




D Loss  
EPR & D Lo s s  










E (eV )  
\JO 
(Hz )  
. 396 3 . 9  X 1 0
1 2  
. 404 6 . 9  X l. 0
1 2  
. 390 3 . 3  X lo 
1 2  
. 38 1 .  9 X 1 0
1 2  
. 395  l . 3 x 10
1 2  
. 4 2 64 X lo 
1 2  
. 375  7 . 5  X 1 0
1 2  
. 38 3 9 . 6  X 1 0
1 2  
. 4 2 5 3 . 6  X lo 
1 3 
. 69 1 .  6 X 1 0
1 3 
. 1 67  7 . 9  X 1 0





Franklin &90 Marzullo 
st0tt & 




I I  




1 07 , 1 08 
Crawford 
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This is in accordance with the light deuteride ion vibrating 
in its potential well at a higher frequency than the fluoride 
ion . 
3+ -The Gd -HI dipolar system is anomalous in that equation 
8-6 gives a relatively poor fit to the relaxation frequency 
data for this species . 0 At temperatures above 350 K the 
relaxation frequencies are consistent with those of the 
Gd 3+ -DI
- system, but at lower temperatures they are faster 
than for the latter species . These results suggest that 




system . In this interpretation the high temperature 
relaxation frequency is dominated by the classical contribution 
of equation (8-6) , but at lower temperatures the relaxation 
frequency is significantly enhanced by the finite probability 
that the HI ion can tunnel through the barrier between 
adjacent potential wells . Since the tunneling probability 
depends exponentially on the (negative) mass of the particle 
it would be expected that tunneling should become 
. . f .  f d 3 + - . s1gn1 1cant or G -D1 sites at a lower temperature than for 
3+ -the Gd -HI sites . These predictions are in qualitative 
agreement with the experimental data in Figure 3 1 , and so the 
possibility of tunneling will now be quantitatively examined . 
( 5 )  Discussion of the Tunneling Model for Gd 3+ -H -----------------"'-----------I-
Reorientation 
Jones et al . 6 originally sug gested that the HI ion 
tunnels between the six equivalent HI positions for the 
d 3 + - . 1 . h d .  f h a 3+ G -HI site to exp a1n t e 1sappearance o t e G 
o 1 0  fluorescence at 2 20 K. However, M .  Presland has observed 
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the absorption spectrum for this site up to 35 0°K and so the 
disappearance of the fluorescence lines at 2 20°K is probably 
due to the onset of radiation loss transitions and not to 
tunneling, The possibility of tunneling at higher 
temperatures may be quantitatively examined by means of a 
simple semi-classical theory applied to the one-dimensional 
double-well potential shown in Figure 30 (page 159) . If v is n 
the tunneling frequency for a particle in a state of energy E n 
th th t t 1 . f . . by 9 5 en e o a J ump .requency is given 
\) = (8 -7)  
where there are M levels below the barrier height Eb . In 
this equation the tunneling terms are assumed to be given by 
the product of the tunneling frequency for a particular level 
weighted by the appropriate Boltzmann thermal excitation 
factor, and the last term represents the classical Arrhenius 
form for the barrier cliIT�ing contribution .  A possible 
interpretation of the present results is that the relaxation 
frequencies below 350
°K contain a significant tunneling 
contribution from the first bound state below the barrier, 
but that above 350°K the classical barrier climbing 
contribution is dominant . 
The general features of the quantum mechanics of one-
dimensional double wells are well known . n n If �i , � 2 are the 
wavefunctions of a particle in either of two wells labelled 1 
and 2 which are at infinite separation and divided by a 
potential barr ier of infinite height, then the approximate 









= ,,, n _ ,,, n �1 � 2 . 
The symmetric wavefunction � 
n and the antisymmetric wave­s 
function � 
n are split by the exchange energy 6E = E n_E n 
a n a s ' 
and the theory shows that a particle initially located in a 
particular potential well will oscillate between the two with 
a tunneling frequency given by v = LE /h . The problem of n n 
finding the tunneling frequencies for the various levels 
reduces to finding the energy eigenvalues and thus the 
exchange splittings for a double well system . In this work 
the eigenvalues were found by numerically integrating the 
96 Schrodinger equation using the technique described by Chow . 
This method has the advantage that it is applicable to any 
shape of the potential curve. 
The technique was tested before being applied to the 
present cas� with a harmonic oscillator potential, for which 
it predicted the first five eigenvalues correct to seven 
significant figures. In a second test the exchange splitting 
of the ground states in the two double well systems 
9 7  investigated analytically by Sussman , and by Dennison and 
98 Uhlenbeck was computed . In both cases the numerical result 
of Chow ' s  technique agreed with the predictions of the 
analytical formula to within 0. 6 % . 
Before the computation for the present case can proceed 
the shape of the potential well must first be estimated from 
the available experimental data. The separation of the wells 
0 
in the undistorted lattice is 3 . 85A. The infrared 
6 measurements of Jones et al. show that the potent�al well for 
1 69 
the HI 
3+ -· in the Gd -HI site is closely harmonic up to the N = 2 
level; thus it may be assumed that the curvature of the well 
corresponds to that of 
w = (2w +w ) /3 = 1060 X Z 
a Simple Harmonic 
-1  cm , and that Eb 
Oscillator of frequency 
> 2650 cm
-1. At 
sufficiently high temperatures the classical mechanism will 
dominate the hopping frequency and so the actual value of Eb 
may be taken as the observed high temperature activation 
energy plus the zero point energy, i . e .  3000+5 30 :: 3, 500 
- 1 cm 
The shape of the barrier above the N = 2 level is 
indeterminate and so two different shapes were examined. In 
the first case, the two potential wells were assumed to be 
exactly parabolic and to be connected by a flat topped 
barrier. In the second case the potential was assumed to be 
of the form 





8 , ( 8 -9) 
and the values of a, b, c and d were chosen to fit the well 
separation, the barrier height, and the curvature at the 
bottom of the well. 
The tunneling interpretation of the observed low 
temperature relaxation frequencies requires that the tunneling 
frequency for the first level below the barrier (which is the 
N = 3 state) should be of the order of 3 x 10 6 MHz , to 
explain the experimental results. In contrast the 
calculations show that a tunneling frequency of 60  MHz may be 
expected for this level for the power series potential of 
equation 8 -9, and a frequency of less than 1 MHz for the flat­
topped barrier shape. Thus it does not appear that a simple 
tunneling model is c apable 6f explaining the magnitude of the 
the observed deviations from the high temperature Arrhenius 
behaviour. The major factor which limits the theoretical 
tunneling frequency in the present model is the relativel y  
170 
0 
large spac ing of the potential wells (3. 85 A) . For comparison, 
the well spacings in some hydrogenic systems for which 
0 
tunneling has been shown to be important are 0 . 7 6A for the NH
3 
molecule9 8 , and 0. 7 6R and l. 65� for ion states and orientation-
1 d f 
. . 95 a e ects in ice . A more advanced tunneling theory which 
includes the possibility of jumps caused by interaction with 
99 lattice phonons has been discussed by Flynn and Stoneham . 
They found that this phonon assisted tunneling process was 
important below a temperature of about one thi rd to one fifth 
the Debye temperature, but that above this value the jump 
frequencies obeyed the classical Arrhenius behaviour. In the 
0 present case the transition temperature is at about 150 K. It 
may be concluded from this theoretical discussion that 
3+ -tunneling is not important for the reorientation of Gd -HI 
dipoles in CaF2 over the region of 300-350
°K. 
This conclusion is supported by the results of the 
dielectric loss experiments which are reported later in this 
3+ -chapter. Crystals of CaF2: Gd : H  should show t wo dielectric 
1 d . h . . f d
3+ -oss peaks correspon ing to t e  reorientation o G -FI 
dipoles and Gd 3 +-HI dipoles. If the tunneling interpretation 
3+ -of the Gd -H1 results was correct it would be expected 
(from the EPR linewidth measurements) that the two peaks 
0 should be closely spaced at about 350 K ,  but that as the 
temperature is lowered the separation between the peaks should 
rapidly increase as the HI tunneling becomes significant. In 
0 fact the two peaks are unresolved at 300 K an d remain 
unresolved down to 200°K. 
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The tunneling interpretation is therefore inconsistent 
with both experimental observation and with theoretical 
predictions . The observed deviations from the high temperature 
Arrhenius behaviour may be due to either experimental error, 
or to a linebroadening mechanism which is not connected with 
the reorientation motion. The points in Fig. 3 1 have there­
fore been interpolated with a single straight line. Table 19 
gives the best fit relaxation parameters for all the Gd 3+ -H
1
-
o results, and also those for the data recorded above 35 0 K only. 
(6) The Measurement of Relaxation Times by the EPR­
Stress Technique 
h · · f d 3+ · a · 1 b d T e  reorientation o G -anion ipo es may e measure 
by another EPR technique which was first used by Watkins and 
Corbett 1 0 0  in a study of irradiated silicon . The application 
of a static uniaxial stress to the crystals renders the six 
potential wells inequivalent and consequently the populations 
3+ -of Gd -H1 dipoles are different for the six different 
directions of the dipole axis . This population redistribution 
can in principle be observed by the change in the relative EPR 
intensities of the Ga 3+ ion for the different dipole axis 
directions , and the relaxation time of the system can be 
found by observing the decay of the EPR signals back to the 
equilibrium intensities when the stress is removed . 
A suitable resonant cavity similar to that described by 
Watkins was constructed and stresses of up to 12 , 5 0 0  psi were 
3+ applied to a crystal of CaF2 : Gd : H  along the (10 0) direction 
whilst the EPR spectrum was monitored with the magnetic field 
in the (00 1) direction. No measurable population redistribut­
ion was observed and so it appears that the defect-stress 
coupling is too small in this case for the technique to be 
successful. 
II . DIELECTRIC LOSS MEASURE��NTS 
17 2  
Dielectric loss measurements were performed on crystals 
3+ - - - . of CaF 2:Gd :FI /HI /DI in an attempt to confirm and extend 
the results of the EPR linewidth experiments described 
previously; in particular it seemed desirable to check the 
3+ -anomalous behaviour of the Gd -HI dipole system . However, 
crystals of CaF2:Gd
3+:HI /DI displayed a complicated 
dielectric loss spectrum and so some preliminary work on CaF 2, 
( 1) 
3+ and CaF 2:Gd crystals was necessary . 
Dielectric Loss in Crystals of Pure CaF 2 
The dielectric loss factor E "  for pure CaF2 over the 
frequency range w = 1 0  radians/sec to 1 M radians/sec is 
plotted in Figure 3 2. It is apparent from the figure that the 
loss factor is the sum of very small frequency-independent 
contribution of 6 E "  = . 00 06,  together with a weak low 
frequency tail which varies as the reciprocal of the frequency. 
The latter feature is indicative of a conduction mechanism in 
the sample since it is well known that if a crystal has a DC 
conductivity a , then there is a corresponding contribution 
to the AC loss factor given by1 0 1, 
= 6 E "  
W E O  
(8-1 0) 
The results of Bollman and Henninger ( 197 2) 1 0 2 show that the 
DC conductivity of nominally pure CaF2 at room temperature is 
in fact due to impurity -induced populations of F 
€ // 
-1  
1 0  
-2 
1 0  
K E Y  
(a) - u n t reat e d  C a  F2 
(b) - h yd rog e n at e d  Ca F2 
(c) - d eute rat ed  C a F2 
(d) - C a  F2 heated  in vacuum w i t h  mo l ten  
A l u m i n i u m  
(a) - (d} af t e r  sa mp le c e ll evac uate d 
(e) - a s  fo r {dh_b u t  befo re evac u at i o n 
Freq u e n cy (R/sec) 





interstitials or F vacancies . Their published values of o 
for several different samples correspond to values of E '' (for 
w = 10 radians/sec) in the range from . 0 0 4  to . 00 0 4, in good 
agreement with the observed value of . 00 4 . 
(2)  Dielectric Loss in Crystals of CaF�: H-/D 
Crystals of calcium fluoride which had been hydrogenated 
or deuterated by the method discussed in Chapter I I I  showed a 
dielectric loss spectrum at room temperature and atmospheric 
pressure which varied markedly from sample to sample. Some 
crystals displayed loss factors which were very similar to 
pure CaF 2, whilst others showed a strong low frequency tail 
two or three orders of magnitude larger than in the pure 
material. The frequency dependence of this loss tail was 
. 11 - o . 4 . h -l  d f 11 typ1ca y w , 1n contrast to t e  w depen ence or a we -
behaved conduction mechanism . It is important to discover the 
origin of this low frequency tail since it was also present in 
3+ several hydrogenated samples of CaF2: Gd 
The pertinent experimental observations are: 
1 )  The loss tail was present in approximately half of the 
hydrogenated and deuterated crystals which were examined. It 
was also found in some crystals which had been subj ect to the 
thermal treatment involved in the hydrogenation procedure, but 
3+ -in a vacuum rather than hydrogen. Two samples of CaF2: Gd : H  
103 provided by the author were examined by Kitts and Crawford 
using the ITC technique, with the result that one of them 
showed an abnormally large background current. These a uthors 
specul ated that the effect may be due to conduction by hydride 
ions tunneling through the crystal. 
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2 )  Evacuating the sample cell  for _ periods o f  up to an hour 
reduced the dielectric lo s s  by a factor o f  two or three at the 
lowe s t  frequencies , and by an order of magni tude or more at 
1 0
4 radians/sec . After two hours o f  evacuation the loss  
factor s tabi l i sed at a cons tan t value . I t  was l ater found 
0 that baking a sample  at  110 C for two hours had the same 
e f fect . Af ter evacuation the loss  factor varied with 
f f- o . 9 h . . 3 2 requency as  , a s s own in F i gure . The re are 
devi ations from thi s  dependence at very low frequencies  for 
some crys tal s , but the se can be attributed to an e f fective 
series  c apac i tance resulting from imper fect electrode- s ample 
contact .  
The presence o f  a loss  tail  i n  crystals  which had been 
heated in a vacuum suggests  that Kitts and C rawford ' s 1 0 3 
speculations concerning hydr ide ion tunneling may be incorrect 
s ince s uch crys tal s have no hydrogen content .  Rather i t  
appears that  there are two contr ibuting e f fects , the f ir s t  
being s ome sur face layer which i s  removed b y  evacuation o r  
bak ing , and the s econd being an ionic  conduction mechan i sm 
wi thin  the crystal . 
The origins o f  the s ur face layer evidently l i e  in some 
volatile  impur i ty . A s earch o f  the li terature af ter the 
completion o f  the se  exper iments revealed that CaF 2 i s  soluble 
in acidi fied A1C l
3 
to form the complex (CaF 2 ) 3AlC 1 3 6 H2o 
104 
The reactants are exac tly those  that are formed when the 
aluminium which adheres to hydrogenated crys tals  is removed by 
aqueous hydrochloric acid . Thus it s eems very probabl e that 
e i ther the complex , or H2o ,  or HC l is adsorbed on the sur f ace 
of the crysta l ; such a layer ma� be expected to g ive r i s e  to a 
176 
broad loss peak whose frequency extent is determined by the 
properties of the adsorbed layer . Certainly the unusual pre-
t . f d d f f-
o ' 4 . . . h evacua ion requency epen ence o is consistent wit a 
distribution of Debye peaks originating in an assembly of 
Maxwell-Wagner dielectric layers , but without any detailed 
knowledge of the layer properties or structure it is 
impossible to calculate the position of such peaks . It is of 
interest to note that a loss peak has been observed at the low 
frequency of 1 radian/sec in CaF2 by Chatain , Gautier and 
105 Lacabanne (1970) , but these authors do not comment on the 
origin of this peak or their crystal treatment. 
The frequency dependence of the loss factor for all of 
- 1  the crystals after evacuation was very nearly w , which shows 
that the second effect must be due to conduction . The 
conductivities are as much as two orders of magnitude larger 
than for pure calcium fluoride , so there must be some new 
impurity in the crystai introduced during the hydrogenation 
procedure. The most p�obable contaminants are water vapour 
and oxygen since CaF2 may react with both of these substances 
in the hydrogenation furnace: 
800°c ---� Cao + HF t ' 
800°c 
( 8 - 1 1) 
2Ca0 + 4HF t. 
It is known that the ground glass joints in the hydrogenation 
furnace glassware are occasionally prone to small leakage 
over long periods of assembly , as indicated by the 
characteristic flower pattern in the vacuum grease . Also the 
hydrogen gas may still retain traces of water vapour despite 
the use of a liquid nitrogen cold trap . Thus the irregular 
inc lus ion o f  small  quantities o f  air or water vapour in the 
hydrogenation furnace i s  quite pl aus ible . In  addi tion , 
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. k 104 h h h B0ntw1 c · a s s own t at oxygen-contaminated CaF 2 crystals  
have a characteri s tic  UV absorption band at 200  nm . This  band 
was also  present in some o f  the hydrogenated crysta l s , but not 
in pure calcium f l uoride , thus conc lusively demons trating that 
sporadic oxygen-contamination was occurring in the 
hydrogenation procedure . 
The importance o f  the above discus s ion lies  in the fact 
that the DC conductivi ty of  calcium f luoride has been observed 
to increase by two orde r s  o f  magni tude after heating in 
10 6 oxygen , or water vapour . The divalent oxygen anion 
substitutes for a regular lattice f luoride ion and is charge 
compensated by a ne ighbouring F vacancy . The observed 
increase in the conductivi ty i s  due to the l arge popul ation o f  
relatively mobile  F vacanc ies  whi ch have di s soc iated from the 
oxygen-vacancy de fect pairs . Thus i t  appears almo s t  certain 
that the res idual pos t-evacuation low frequency tail  in  the 
die lectric los s  spectrum is due to conduction by oxygen­
induced F vacanc ies . 
I t  may be conc luded that the unusual low frequency tail  
observed in the dielectric  lo s s  spectrum of  CaF 2 : H
- , and , 
more importantly , CaF 2 : Gd
3+ : H  crystal s , can be satis factorily  
ascribed to various impurities  accidenta l ly introduced during 
the hydrogenation treatment , and that it is not due to 
tunne ling of unas so c i ated hydride ion s , as s uggested by Kitts  
and Crawford . 
(3) Dielectric Loss in Crystals of Calcium Fluoride 
Doped with Gadolinium 
The dielectric loss spectra of three crystals of CaF2 
3+ doped with .0 5 %, . 10 %  and .25% molar Gd were measured at 
17 8 
room temperature and in a vacuum. The loss factor r" is 
plotted against logarithmic frequency in Figure 3 3 for each of 
the samples . Also shown are the loss factors for the two 
lowest concentration crystals after they were annealed at 
800°c for 12 hours in a vacuum. 
Prior to annealing, the three crystals showed similar 
room temperature dielectric loss spectra consisting of a weak 
low frequency tail, a small loss peak at 25 Hz, and a larger 
asymmetric loss peak at 800 kHz . When the .25%  doping 
0 crystal was cooled to 2 10 K, the origin of the asymmetry 
became evident; the 800 kHz peak shifted to 1. 5 kHz and a 
new loss peak at 200 kHz was resolved. The relative 
amplitudes of the 1. 5 kHz and 200 kHz peaks in this crystal 
were in the approximate ratio of 2:1. The loss factor of the 
. 05 %  doping crystal did not change appreciably after the 
annealing treatment, but the amplitude of the 800 kHz peak in 
the . 1% doping crystal increased by a factor of two and the 
peak became symmetrical in shape. 
The low frequency tail may be due to the previously 
discussed effects of oxygen contamination during the growth 
process, or alternatively to conduction by the F 
interstitials which are produced by Gd3+-F - disassociation. I 
This is plausible since it has been shown in Chapter IV that 
an appreciable population of isolated Gd 3+ sites of cubic 
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Variable temperature experiments permitted the 
determination o f  the activation energies and pre-exponential 
factors, as defined in equation 8 - 6 ,  for the three peaks . A 
limited set of measurements showed that the 25 Hz peak was 
characterised by an activation energy of  . 7  eV ± . 05 eV, and 
that the very high frequency peak present in the samples before 
annealing corresponded to the rather low activation energy of 
0 . 2  eV ± 0 . 1  eV . The short period available for the 
measurements precluded more intensive investigation of these 
two loss peaks . However, the 800 kHz peak was studied over a 
wide temperature range .. The relaxation frequency of this peak 
is plotted against reciprocal temperature in figure 34 ;  it 
can be seen that the relaxation frequencies for this peak and 
those determined by EPR linewid th measurements for the 




The present results confirm and extend those of 
90 and Marzullo , who first demonstrated that the 800 
kHz peak was due to the reorientation of this dipolar species. 
A least squares fitting to the combined E PR and dielectric 
loss results resulted in the relaxation parameters shown in 
Table 19 ; these are expected to be more accurate than those 
obtained previously due to the more extensive dielectric loss 
data and the improved EPR linewidth analysis . 
The interpretation of the remaining two loss peaks is 
facilitated by the previous work on CaF2 : Gd
3+ crystals 
107 108 . 78 . performed by Stott and Crawford ' , and Kitts using the 
ITC technique. They observed one large peak and two 
3+ subsidiary peaks in the ITC spectra of CaF 2:Gd (.1% ) ,  and 
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Region of �-1/T plane examined 
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D i e l e c t r i c  Loss R e s u lt s  
Fig . 34 : Relaxation frequency as  a functio�+o f  �ec iprocal  temperature for  the tetragonal Gd  -F 1 s ite in  calcium f l uoride . 
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fit to the three peaks. These values are listed in Table 19. 
They identified the largest peak with the reorientation of 
3+ tetragonal Gd -FI dipoles and this interpretation is 
supported by the close agreement between the parameters for 




dipoles by EPR and dielectric loss measurements. 
One of the subsidiary peaks ITC peaks was characterised 
by an activation energy of . 6 9  eV, in good agreement with the 
value of . 7  eV determined for the low frequency dielectric 
1 k F th 1 1 . . . 7 8 oss pea . ur ermore a ea cu ation using Kitts parameters 
for the ITC peak predicts a relaxation frequency of 37 Hz at 
295°K, which is very close to the observed room temperature 
dielectric loss peak frequency of 25 Hz.  Evidently the two 
techniques are monitoring the same dipolar species . Kitts
7 8  
has identified the ITC peak as originating from a Gd 3+ _F -I 
site with trigonal symmetry with FI at the (111 ) next nearest 
neighbour 
3+ SrF2:Gd 
position by comparing it with similar ITC peaks in 
3+ and BaF2:Gd where this type of site is dominant . 
109 Kitts, Ikeya and Crawford have recently observed a weak 
t . 1 EPR t . C F  Gd3
+ 
' th b O = 256 x 10 -4 cm-1 rigona spec rum in a • 2: wi 2 
which they tentatively associate with this site, and they have 
estimated the ratio of tetragonal to trigonal sites as 10:1 . 
I f  this concentration ratio is correct it is surprising that 
the trigonal site was not observed in the EPR measurements 
reported in 
spectrum of 
Chapter IV .  A detailed examination of the Q band 
3+ the CaF 2:Gd crystals used in this work revealed 
a complex pattern of weak lines in the region from 10 to 14 
Kg, whose general position is thus consistent with the 
reported site, but the relative intensity of the lines was 
183 
much less  than the g iven ratio . No pos i tive confirmation of  
the new s i te could be  made . 
Al though Kitts 1 7 8 1 1 0 9
 cornpari tive study o f  MeF 2 : Gd
3+ 
c rystals  indicates that trigonal Gd 3+ -F I ( nnn)  centres are 
definitely  involved there are s ome dif ficulties  wi th the 
h kl · d . l l O h . d h h t eory . Fran in an Cris sman ave po inte out t at t ere 
i s  no s imple  way by wh ich the se centres can reorientate 
because the F I ions a re no t located in ad j acent F 8 c ubes , 
b d b b . . 2+ ut are separate y a cu e conta ining a Ca 
3+ -seems that a j ump o f  the form Gd -F I ( nnn ) � 
ion . Rather i t  
3+ -Gd -F I (nn )  i s  
re spons ible for the observed relaxation , in  which c a s e  a ful l 
relaxation mode analy s i s  o f  the Gd3+ -F system mus t  be used to 
calculate the ITC pe ak amp l i tude s . Al so  the loss  peak s  due to 
3+ - 3+ -Gd -F I ( nn )  and Gd -F  ( nnn ) s i tes should be in  a cons tant 
ratio as determined by the Bol t zmann fac tor  for the di f ference 
in the ir  potential  energi e s , whereas F ig . 33 shows that a 
constant ratio i s  not observed . However , Sierro 4 3  has . found 
that various - thermal , treatments change the population ratio o f  
the trigonal and tetragonal  s i te s  i n  SrF2 : Gd
3 + , s o  i t  may be 
that the mean po tential  energy di f ference is sen s i ti ve to 
s train fields  within the crys tal . 
Stott  and Crawford l 0 7 , l O S observed another s ub s idiary ITC 
peak in the ITC spectrum which wa s characteri sed by an 
activation energy o f  . 167 eV , in reasonable  agreement with the 
. 2  eV ± . 1  eV found here for the high frequency dielectric 
111 loss  peak . Howeve r , We l sh has  recently made mo re extensive 
measurements on thi s  l o s s  peak whi ch show that the activation 
energy i s  accurately g i ven by 0 . 0 7 6 eV , and th at the 
1 8 4  
reorientation process is not of simple Debye character . At 
low temperatures the amplitude of the loss peak diminishes as 
exp (- . 0 2 eV/kT) , which is the expected behaviour for a dipole 
which reorientates between two inequivalent potential wells 
whose depths differ by 0. 0 2 eV. Furthermore the relaxation 
parameters determined by Stott and Crawford1 0 8  predict a loss 
peak at 7 0 MHz at 21 0°K, in contrast to the value of 20 0 kHz 
observed here. (It is interesting to note that after an 
earlier publication Stott and Crawford discoverec an error in 
their heating rate of only 5 %  which caused them to revise the 
estimate of the activation energy by 1 2 %,  but the pre­
expon ential factor was changed by two orders of magnitude . )  
Thus it is difficult to decide whether the dielectric loss and 
ITC measurements are monitoring the same dipolar species 
because of the undetermined effect of inequivalent potential 
wells on the shape of the ITC curve, from which the ITC 
relaxation parameters are derived. 
From the asyrrmetry_ in the 80 0 kHz loss peak shown in 
Fig. 3 3, it is evident that the higher frequency loss peak 
increases rapidly in amplitude with incre asing Gd3+ 
concentration, but disappears after annealing, with an accom­
panying increase in the amplitude of the Gd
3+ -FI peak. 
These experimental observations suggest that the high 
frequency peak may be due to a cluster site of the form 
(Gd 3+ _F I
-) 2, in which the Gd
3+ ion substitute for two 
. hb 2+ . nearest neig our Ca ions . 3+ -Analogous (Y -F I ) 2 clusters 
112  1 13 have been observed experimentally by Cheetham et al. ' 
using neutron diffraction, and investigated theoretically by 
Catlow1 1 4, and (Nd 3+_F -) clusters have been observed by Kask I 
d . k 
115 . an Kornien o us ing EPR . 
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The population of these cluster 
sites is observed to increase rapidly with increa sing RF. 3+ 
concentration1 1 6 , and they may dis sociate at high temperatures 
to form two separate RE 3+ -F1
- sites . The electric dipole of a 
cluster site depends upon the relative orientation of the two 
component RE 3+-F1
- dipoles, and is zero if they are anti­
parallel . Any F1 jump must be to an inequivalent site since 
the relative orientation of the dipoles is changed, and the 
associated dielectric los s would have an exponential 
temperature dependence , as  observed . 
One objection to this theory i s  that the EPR spectrum of 
a Gd 3+ cluster site has not been reported . However, the 
3+ exchange and dipolar coupling effects between the two Gd 
ions would result in the spins of the ions being coupled to 
fo rw states of total spin S where S = 7 ,6 , . . .  ,0 . Experimen­
tally this would mean that 5 6 EPR lines should be observed for 
h f h . . bl . . f h d
3+ d 3+ eac o t e six possi  .e orientations o t e G -G axis, 
and a complex EPR spectrum of many weak lines would ensue . 
Although this is consistent with the large number of weak 
lines observed in the 10 -14 Kg region of the Q band EPR 
spectrum for the two highest concentration crystals, the 
identification of the high frequency los s  peak with a cluster 
site must remain tentative until an EPR-dielectric los s  
correlation is attempted . Because of the complexity of the 
Gd 3+ cluster site EPR spectrum this would best be performed 
3+ for CaF2 : Nd crystals for which the cluster site EPR spectrum 
is simpler (S = 1,0 ) ,  and already known . 
To summari ze, the dielectric los s  spectra of CaF2: Gd 
3+ 
crystals is consistent with the usual model for Me� 2: RE
3+ in 
which RE 3+ ions are charge compensated by interstitial F ions 
186 
. . f 1 3+ at nn, nnn or more remote positions or ow RE 
concentrations, but at higher dopant concentrations cluster 
sites involving two or more RE 3+ ions can form . The observed 
activation energies for the reorientation of the various 
defect species are substantially in agreement with 
measurements made by other techniques. 
(4) Dielectric Loss in Hydrogenated and Deuterated 
3+ Crystals of CaF2: Gd 
The room temperature dielectric loss spectra of three 
hydrogenated samples of calcium fluoride containing . 05 % ,  . 10 %  
and . 25 %  GdF
3 
are shown in Figure 35. These samples were cut 
from the same boules as the parent crystals discussed in the 
previous section, and so it is interesting to compare the 
loss spectra before and after hydrogenation . All three 
samples showed an increased loss tail at low frequencies due 
to the oxygen contamination discussed previously. The 25 Hz 
peak disappeared in the . 05 %  doping crystal, and was reduced 
in amplitude on the higher concentration crystals . This can 
be interpreted as the decay of the trigonal Gd 3+-FI site to 
the more stable tetragonal site . The hydrogenated samples 
also show ed a weak loss peak in the region between 300 H z  and 
30 kHz but this was very broad and did not have the same 
peak frequency in all three samples. It is therefore unlikely 
to be due to an isolated dipole species. The dominant 800 kHz 
3+ peak due to tetragonal Gd -FI dipoles was slightly smaller 
in the . 05 %  doping crystal but increased in amplitude in the 
two higher concentration crystals. In all three samples the 
peak was nearly symmetrical in shape, indicating that the 5 MH z 
peak observed in the parent crystals had disappeared . 
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The search for a new dielectric loss peak due to 
. 
3+ tetragonal Gd -HI dipoles was guided by the EPR linewidth 
results previously obtained, which suggest that the peak 
frequency for this species should be higher than that for 
3+ -Gd -FI dipoles by a factor of three or more. Since this 
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frequency was on the very edge of the range of measurement at 
3+ room temperature, the hydrogenated CaF2:Gd (.1%)  sample 
was cooled in steps of approximately 40 °K from room temperature 
to 100 °K and the dielectric loss measured from 1.5 H z  to 
10 MHz at each temperature. The surprising result of this 
set of measurements was that no new loss peak was observed. 
A similar set of measurements on a deuterated crystal produced 
the same null result. 
(5) Interpretation of Dielectric  Loss Measurements on 
3+ Hydrogenated CaF 2:Gd Crystals 
There are several plausible explanations for the 
apparent ab sence of a Gd 3+-HI
- dielectric loss peak, but the 
following section will show that some of these can be 
eliminated after detailed consideration. The various 
possibilities are that: 
1) The crystals may not have contained a sufficiently high 
3+ -concentration of Gd -HI dipoles to be observable in the 
dielectric loss spectra. This was tested by performing EPR 
assays of the various crystals. The concentration N of a 
. 1 a 3+ . . � f h h d . particu ar G site may be estimatec rom t e s ape an size 
of one of its E PR lines by the formula, 
(8 -12) 
where 6 H  is the peak to peak derivative linewidth, I the 
amplitude of the line, M the transition probability, K an 
unknown constant depending on the spectrometer sensitivity, 
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and the constant A has the value 3. 6 276 for Lorentzian lines 
and 1 . 0 3 3 2  for Gaussian lines9 2. The three dominant sites 
observed in the EPR spectra were 
3+ and tetragonal Gd -HI sites. 
the cubic, tetragonal Gd 3+ _F -I 
The formula (8 - 12 ) was used to 
calculate the relative proportions of these sites in the three 
parent crystals , the two annealed parent crystals, and the 
three hydrogenated crystals; the results are shown in figure 
3 6 . 
These results should be treated with some caution since 
the EPR assay technique has never been rigorously tested; 
in particular the proportion of cubic sites may be subject to 
error because of the presence of unresolvee hyperfine structure 
which slightly distorts the lineshape. However, it is thought 
that the ratio of the two tetragonal sites should be reliable 
because of the similar crystal fields and common symmetry for 
those sites. 
It may be seen from the 
tetragonal Gd 3+ -F - sites to I 
figure that the ratio of 
3+ tetragonal Gd -HI sites in the 
. 1 %  doping crystal is almost 2:1. Thus, since the dipole 
moments of  the two species should be similar, the loss peak 
due to the Gd 3
+
-H 
- dipoles should be nearly half that of the I 
3+ -Gd -FI dipoles . 
2 ) 3+ -It is possible that the Gd -HI loss peak may have a 
relaxation frequency which falls outside the frequency and 
temperature ranges used in this work. The area searched with 
the dielectric loss technique is illustrated in Figure 3 4. The 
EPR linewidth results are also plotted in this figure and it 
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o; 3+ . 2 5  /o G d  
Cubic G d3+ s i te Gd3
+ - F s i te 3+ -Gd  -H s ite 
Fig . 36 :  Hi storogram s howing t he relative populati ons  of di fferent Gd3
+ 
sites  detenni ned by EPR i n  a s  grown( d iagonal stri pes ) , annealed 





can be seen by extrapolation that it is most unlikely that the 
relaxation frequency lies outside the investigated ranges. 
3 ) There may not be any measurable dielectric loss 
associated with the Gd 3+ -HI
- dipoles. It is known that a 
dipole which reorientates between two potential wells of 
different depth shows only a very weak loss factor, although 
there is no reason to assume that the six potential wells for 
3+ -the Gd -HI site are of different depths. The reorientation 
motion may occur via an intermediate configuration of different 
depth but it will be shown in part I IIthat the loss factor is 
not appreciably altered in this case. This explanation may 
therefore be reasonably discounted. 
4) The fourth possibility is that 
3+ -the loss peaks for the Gd -HI and 
the centre frequencies of 
3+ -Gd -FI dipoles are so 
close that the two peaks are not resolved. This was tested by 
calculating the value of the function, 
y = 2X + 
2 a  (X/8 ) 
l+X
2 l+(X/ 8 )
2 
which represents the sum of two Debye-shaped loss peaks, one 
centred at a value X = l and of unity amplitude, and the 
other centred at X = S and of amplitude a. This function is 
plotted in Figure 37 for several different values of a and S. 
Also shown are the experimental points for the main loss peak 
of hydrogenated CaF 2: Gd
3+(. 1% ) taken at two different 
temperatures . In each case the background loss was measured 
at a frequency well removed from the centre of the peak, and 
subtracted from the recorded loss factors. The set of curves 
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it i s  expected that any asymmetry due to unresolved peaks 
should be most  pronounced on the high frequency side . 
1 9 3 
The EPR l inewidth measurements and the EPR as say results 
sugge s t  that appropri ate values o f  a and S are 0 . 5  and 3 
respectively for the crystal  o f  intere s t . I t  can be seen from 
the F i gure that the curve based on these  parameters does not 
f i t  the experimental points as  we l l  as  a s imple Debye curve . 
However , as  S i s progress ive ly reduced , the lineshape rapidly 
approache s that of  a Debye curve . I f  the va lue o f  a = . 5  i s  
accepted then any value o f  S wh ich i s  less  than 1 . 5 i s  
compatible with the experimental results . 
To summar i se thi s  di scus sion : The mo s t  plaus ible 
interpretation of the d ielectric  loss results for hydrogenated 
and deuterated CaF 2 : Gd
3+ is tha t the los s peak for Gd 3+ : H I or 
3+ 3+ -Gd -DI
- dipoles  cannot be resolved from that due to Gd -F I 
dipole s . I f  thi s  i s  true then the dielectric  rel axation 
occurs at a lower frequency than that predicted by the 
extrapolated EPR l inewidth results . 
( 6 )  Corre lation o f  EPR A s s ay and D ielectric Los s  Re s ults  
3+ for Hydrogenated CaF 2 : Gd 
I t  i s  evident from the compos ite los s curve s in  Fig . 37 
that i t  i s  very di f f icult  to d i f ferenti ate between the two 
cases  o f  ( a )  a s ingle  los s peak , and ( b )  a compo s i te curve 
cons i s ting o f  a dominant and a s ub s idiary peak who se  peak 
frequenc i e s  are c losely  spaced . The bas ic problem i s  that a 
normal Debye l o s s  curve has  a relatively l arge l inewidth ; 
s uch a curve reache s i t s  hal f amplitude points at  
approximately three times and one  third the peak frequency . 
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Neither the resultant shape nor the peak frequency is 
sensitive to a subsidi ary component whose peak frequency lies 
within the halfwidth. 
An alternative approach is to examine the resultant peak 
amplitude, for if the component peak separation is less than 
the halfwidth of the dominant component the amplitudes are 
approximately additive. The incentive for this approach is 
the observation that the amplitudes of the 800 kHz loss peaks 
in the hydrogenated crystals are very similar to those in the 
annealed crystals . On the usual model of the hydrogenation 
3+ -process some Gd -FI centres are replaced by their hydride 
ion analogues ; thus the 800 kHz peak would be expected to 
decrease markedly in strongly hydrogenated crystals . However, 
if the 800 
peaks from 
kHz peak in hydrogenated crystals contains component 
3+ - 3+ -both Gd -HI and Gd -FI dipoles then the 
amplitudes of this peak in annealed and hydrogenated crystals 
should be approximately the same if the total number of 
tetragonal sites is conserved during the hydrogenation. 
Thus it is of crucial importance to determine how the 
populations of the various Gd 3+ species, particularly Gd 3+ -FI
­
sites, change during hydrogenation, and to attempt to correlate 
these results with the changes in the 800 kHz loss peak. 
The EPR assay results shown in Figure 36 suggest that the 
3+ -concentration of Gd -FI dipoles increases after annealing 
and decreases after hydrogenation. However , these results 
must be treated with caution because they only ind icate the 
relative populations of the three dominant EPR sites, not the 
absolute populations . The latter may be simply calculated if 
it is assumed that the total gadolinium content of a crystal 
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is distributed between these sites only, but this assumption 
is questionable . A previous section showed that the 
subsidiary dielectric loss peaks observed in the CaF 2: Gd
3 +  
crystals were probably due to trigonal Gd 3+ _FI
- sites or 
cluster sites . 
An EPR experiment was therefore devised which was capable 
of measuring the changes in the absolute Gd 3 + -FI
- site 
concentration after annealing or hydrogenation. Several 
samples were cut from a boule of CaF2: Gd
3 +(. 05 %)  in the shape 
o f  rectangular blocks of dimension 1 mm x 1 mm x 2 mm, with 
the (001) axis parallel to the block length. These blocks 
were a tight fit inside a Teflon sample holder , as shown in 
Fig. 38, so that the samples could be accurately relocated at 
the same position in the cavity after the treatment. A 
sealed sample of DPPH was fixed to a second sample holder at the 
other end o f  the cavity. With this arrangement any change in 
the absolute concentration of a site may be readily measured 
by comparing the EPR line intensities to the DPPH standard 
before and after the treatment. This procedure nullifies the 
effect of varying microwave powers, Q factors etc . between 
each experiment. The measurements were found to be 
reproducible to within 5 %. 
The changes in 
3+ tetragonal Gd -FI 
the populations o f  the cubic Gd 3
+
, 
site and the tetragonal Gd 3+-HI site 
after annealing at 800°c and after hydrogenation at 800°c are 
shown in Figure 39. The concentration o f  the tetragonal 
Gd 3+ - . . -FI species increases 
the decay of cluster sites 
after annealing, probably due to 
3+ -and/or Gd -FI sites of  other 
symmetries. Evidently the as gmvm crystals do not contain the 
<t-- wavegu ide 
-::::,, 
sample DPFH sea l ed in  epoxy 
res in 




The resonant cavity used to  measure changes in the 
concentration o f  G d3 + s ites in c rystals  o f  
CaF 
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....,-+ -x - G a ";{ -H 
• - G d_.,+ ( cubic)  
o - d ielectric  1os s  
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6 hrs . annealed 
6 hrs . 1 2 hrs . 1 8  hrs . 
hyd rogenated 
Fig . 33 : The relP.ti v e  concentrat i on s  o f  d i fferent G d3-+ sites  in calcium 
fluo ride a fter vari ous c rystal  treatments . 
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3+ population of tetragonal Gd -FI dipoles characteristic of 
the equilibrium situation at 8 o o0c .  It is preferable to 
compare the EPR and dielectric loss results for the hydrogen� 
ated crystals with the annealed crystals rather than the as 
grown crystals, for two reasons . First, the amplitude of the 
800 kHz peak in the as  grOwn crystals is larger than the true 
3+ -amplitude of the Gd -FI loss peak because of the overlap 
with the unresolved high frequency peak . Second, the initial 
3+ -reactant concentration of the Gd -FI dipoles in the 
hydrogenation reaction should be closest to that in the 
annealed crystals since the samples are first baked in a 
vacuum at 600 °c to remove any volatile impurities. 
The Dielectric Loss Results for the 800 kHz peak have 
also been plotted in Figure 39 for the purposes of comparison . 
The increase in the 800 kHz peak after annealing is not as 
large as that observed by EPR because of the overlap with the 
high frequency peak in the as grown crystals . After the usual 




dipoles determined by EPR falls to less than 50%  of the 800°c 
equilibrium concentration . In contrast the dielectric loss 
results for the . 05 %  doping crystal show that the 800 kHz 
peak is reduced to only 74 % of the peak height in the annealed 
crystals . 





- sites may 
be estimated from the plots of lattice distortions for the 
1 3
+ - C 3+ _F -ana ogous Ce -HI , e I 
. . b . d 7 3 sites compiled y K iro an Low 
3+ -for Gd -FI , and µ
= The resulting values are µ = 2. 17 ea 
3+ -2 . 35 ea for Gd -HI , where e is the electronic charge and a 
is one quarter the lattice parameter. On the overlapping peak 
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model the resultant peak height should be proportional to the 
3+ - 3+ -sum of the Gd -FI and Gd -HI concentration weighted by 
their respective dipole moments. Using the concentrations 
determined by EPR the resultant loss peak should be abcut 67% 
of that in the annealed crystals, which may be compared with 
the observed value of 74%. These measurements therefore 
indicate that the loss 
is too large to be due 
peak observed in hydrogenated crystals 
3+ -to Gd -FI dipoles only, and hence 
that some secondary component must be present. It cannot be 
definitely established that it is due to Gd 3+ -H- dipoles but 
this is physically reasonable and consistent with the 
observations. 
An interesting problem posed by the EPR results of Fig. 
39 is the explanation of the overall decrease in the 
concentration of the three main Gd 3+ sites during hydrogenation. 
At least part of the decrease is associated with the growth of 
the T 2  oxygen compensated site, but it is difficult to 
measure the concentration of this species relative to the 
others because of the different symmetry axes. It is also 
possible that Gd 3+ -H- clusters form with increasing hydrogen 
concentration in the crystals. 
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III. THE INTERSTITIALCY MODEL OF DIPOLE REORIENTATION 
It has been tacitly assumed in the literature that the 
3+ -tetragonal RE -F dipole reorientates by a simple jump of the 
FI along a 110 direction to an adjacent interstitial site. On a 
simple hard sphere model the volume of the FI is greater than 
the space available at an interstice and so the eight 
surrounding F ions are pushed radially outwards. For a 
simple 1 10 jump the FI would have to push through an edge of 
the already strained cube of F ions and so it would be 
expected that this motion would be associated with a high 
activation energy. 
An alternative to the simple jump is the interstitialcy 
mechanism wherein the interstitial F ion displaces a nearest 
neighbour lattice F ion to an adjacent interstitial site, and 
takes its place. This mechanism is illustrated in Figure 4 0. 
Both the direct jump and the interstitialcy mechanism result 
3+ -in a reorientation of the RE -FI dipole and there is no way 
of distinguishing between them by techniques such as 
Dielectric Loss or ITC. 1 17 However, Catlow and Norgett have 
performed calculations of the activation energies for FI 
migration by the two types of motion in pure CaF2 which 
suggest that interstialcy is the operative mechanism for 
3+ -RE -FI dipoles. They found that the direct jump and 
interstitialcy motions were characterised by activation 
energies of 3.3 eV and 0.7 
observed activation energy 
eV respectively, compared with the 
")+ -for Gd J -F1 dipoles of 0.4 e V. 
The interstitialcy mechanism has more interesting 
consequences· for the Gd
3+
-H - site. The interstitialcy motion 
I 









and ( b )  Gd/ -H di po1es in calcium fluori d e  crystals . 
2 0 0  
20 1 
interstitial and a substitutional H ion, as shown in Figure 
40. It may be recalled that just this type of site was 
invokeu in Chapter V to explain the new rhombic EPR spectra 
observed after irradiation of the Gd 3+-HI
- site with UV light. 
The new UV-induced site was thermally unstable, and degenerated 
back to 3+ - 0 the Gd -HI site at 9 0 K. These EPR results show 
that there is an important difference between the mechanisms 
of a simple HI jump and an interstitialcy 
. . f d 3+ - d . 1 . reorientation o G -HI ipo es in CaF2. 
motion for the 
The dipoles before 
and after a simple jump are identical and have the same 
energy, whereas an interstitialcy motion creates a new dipole 
of higher energy. Thus whilst interstitialcy and direct 
jumps cannot be experimentally distinguished for the case of 
Gd 3+ -FI
- dipoles it is possible that the operative mechanism 
can be identified for Gd3+ -HI
- dipoles. The following 
section will compare the expected dielectric loss factor for 
3+ -the reorientation of Gd -H dipoles based on the direct jump 
model with that expected from the interstitialcy model. 
( 1 )  h . 1 d 1 f h . 1 . f 
3+ -T eoretica Mo e s  or t e Die ectric Loss o RE -X 
Dipoles in CaF2 
(a ) The Direct Interstitial Jump. This case has already 
b . d d . d . 1 b kl . 1 17 8 · t · een consi ere in etai y Fran in et a . in connec ion 
with the dielectric loss for the unmatched point defect pair 
in the NaCl structure. He has shown that if w
0 
is the jump 
frequency of the X ion between two adjacent interstitial sites, 
then the associated dielectric loss peak occurs at a frequency 
4w0 if only jumps within the nearest neighbour shell of FI 
ions are considered. The factor of four is a direct 
consequence of each potential well having four neighbouring 
wells. The magnitude of the loss peak is given by1 0 1, 
2 0 2 
� E  = 2 nNa , ( 8 - 1 2 )  
where N i s  the concentrat ion o f  the dipoles , and a i s  the 
polari sabi l i ty g iven by 
2 
a = µ / 3kT , ( 8 -1 3 ) 
where µ i s  the elec tr ic dipole moment o f  the s ite . 
( b )  The Inter sti t ialcy Mechani sm . The c ase  o f  Gd 3+ -F -I 
reorientation via  the interstitialcy mechan i sm i s  described by 
a s imple mod i f i cation o f  the theory appropriate to direct 
interstitial j umps . A d ipole aligned along the 100  d irection 
can swi tch to the 0 10 d i rection by one o f  two inter s titial cy 
motions , involving e i the r the F lattice ion at the ( ½ , ½ , ½ ) 
po s i t ion , or th at at ( ½ , ½ , -½ ) . Thus i f  the j ump frequency 
for the motion is wr then the dielectric  los s peak occurs at 
8 wr . The magni tude o f  the peak i s  the s ame as  for the direct 
j ump proce s s . 
The case  o f  Gd 3+ -H 
- reor ientation via the interstitialcy I 
mechan i sm i s  more compl icated , and i s  best  approached by 
means o f  the rate -equat ion theory propo sed by Hof fman and 
P f e i f fer 1 19 . Th i s  theory wi l l  be br ie fly  reviewed before 
being appl ied to the case of intere s t ;  the papers  of  Ho f fman 
and P fe i f fer 1 19 , Hof fman 1 2 0 and Wachtmann 1 2 1 should be 
consulted for further detail s .  
Suppose  that there  are a set  o f  O pos s ible  s ites  which 
the dipoles  can occupy , and that the ins tantaneous 
popul ation of any part icular type of s ite label led i is N . . l 
Then the usual rate theory shows that the population vector 
dN 
dt 
= W N 
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( 8 - 14 )  
where W i s  a matri x  whose  elements � - . corre spond to the J· ump = l. J  
frequency between s ite i and s i te j .  The general solution 
of thi s  equation i s  of the form 
( 8 -15 ) 
where w S i s  an eigenvalue o f  the matr ix � ,  �S i s  the 
corre sponding eigenvector , and as is an expans ion coe f f i cient 
determined by the initial  condi tions . One of the e igenvalues , 
labe l led B = 1 ,  i s  always zero and corresponds to the 
equ i l ibrium condi tion . I t  fol lows f rom ( 8 -14 ) and ( 8 -15 ) 
that 
E a s c i S 
= N o ( S , l ) 
i 
( 8 -16 ) 
where N i s  the total population o f  dipoles . Equation ( 8 - 15 )  
shows that the decay o f  an initially  non-equi l ibrium di s tri­
bution to  the equ i l ibrium one can be  de scribed by  a set  o f  
di s tribution mode s , each with its  own di s tinct decay cons tant . 
I f  the initial  di s tribution i s  due to an appl ied electric  
field  then the induced dipo le moment is  
P = E a B�S S= l 
( 8 - 1 7 )  
wherePS i s  the dipole  moment o f  the d i s tr ibution mode S .  The 
po lari sabi l i ty a 6 
as soc iated with each mode i s  g i ven by 
= ( 8 - 18 )  
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where F is the applied field strength. In a sinusoidal 
electric field each mode gives rise to a dielectric loss peak 
at a frequency w = w s whose amplitude is proportional to the 
polarisability of the mode. Thus the main problem in the 
present application is to determine the spectrum of relaxation 
mode frequencies and the polarisability associated with each. 
The six possible Gd 3+ -H I sites will be labelled according 
to the position of the HI as (100) , (O lO) ,  etc. and the 24 
3+ -possible Gd -FI -H8 sites will be denoted by the location of 
the FI and HS ions , for example ( ½ , ½ , ½ ) (00 1) .  The latter 
notation can be conveniently abbreviated to the form ( ½ , ½ , �) 
since there is a one to one relationship between the FS at 
h . f . . d h d3+ -t is type o position an t e G -F1 -H8 sites. Figure 41 
shows in a schematic way the energy diagram for the system. 
3 The jump frequency wA corresponds to a (100) + ( ½ , ½ , 2) jump 
and wB corresponds to the reverse jump. 
Two assumptions are necessary to limit the order of the 
relaxation matrix to manageable proportions. The interstitial 
ion , F or H ,  is assumed to be always in the nearest 
neighbour shell of interstitial sites. This is reasonable 
3+ - 3+ - . . since trigonal Gd -F I or Gd -H I s ites with the inter-
stitial ion of the nnn (111) position were not observed in 
3+ - -this work. Secondly, it will be assumed that a Gd -FI -H8 
site wherein the F I and HS ion occupy the (lO O) and ( ½½½ ) 
positions respectively is less stable than that discussed 
here , i.e. (100)  ( ½½½ ) . This is equivalent to assuming that in 






genera l i s ed 
coordinate 
Fig .41 : S chemati c diagram of the po tentia l energy of  a Gd }+- -H- site  
during an interstitialcy mot ion , show ing the meaning of  the 
symbol s  used in the text . 
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( 8 - 1 9 )  
the jump frequencies wB, we, w0 are such that w0
, wB > >  we . 
Only one new spectrum was observed in UV irradiated 
3+ -eaF 2:Gd :H and this degenerated back to the original 
3+ -Gd -F I site on warming, so this approximation is justified. 
This second assumption has the important effect that the 
formulae which will be developeJ for Gd 3+ _HI interstitialcy 
d t d t th f Gd3+ - . . . 1 h o no re uce o ose or -F I 1nterst1t1a cy w en 
wA = wB, for in that case we also have wA = w8 = we = w0 . 
Under the assumptions outlined above the relaxation 
matrix has the form, 
6 2 4  
6 r- B wa: W B� 
w = 
2 4  l WB� ·- 2 w  I B= 
(8 -20) 
where 1 is the identity matrix, � is the 2 4x6 matrix given in 
Table 2 0  and the figures give the dimensions of the 
partitions . An analytical solution of the eigenvalue problem 
for large relaxation matrices is usually obtained by a lengthy 
application of group theory, but in the present case an 
algebraic approach is simpler . Suppose that (!, !) is an 
eigenvector of W with corresponding eigenvalue E, and that X 
is of order 6 and Y of order 24. Then from the form of the 
relaxation matrix (8 - 2 0) we have that, 
= 
= 
(E + B eu ) X , a -
( 8 - 2 1 )  
•. )f' 
1 ... K' 
1.-t 
I o o 
0 0 1 1 
1 0 0 
o o I 
o I o 1 
0 1 0 
,-t ..l(" ..l\"' ..l(" ,-t ..l\"' ..l\"' ,-t ..l(" ..l\"' rl U"' lri U"' Wf' lr-1 U"' U"' lr-1 Wf' l..l\" 1....-4 1.-l(" 
W{" lr-1 ..l(" rl ..l\" ,-t ..l\"' ..l\"' l rl 1..l\"' 1..l\" 1....-4 l..l\"' l..l\"' ,..\"' ..l\"' r-1 ..l\"' ..l\" ,-t l..l\"' l...l--"' lr-1 
U" l..l\"' lr-1 Wf' ),..\"' ..l\"' r-1 ...l--"' ...l--"' .-t ...l--"' l..l\"' l..l\"' 1.-t 1.-t l..l\" 1..W rl ..l\"' ...l--" .-t ..l\" ...lf' 
1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 
TABLE 2 0 : The form o f  the re laxation submatrix A 
Footnotes  : ( a )  A blank entry represents a z ero 




- s i te which  
has an H8 - at  the ( ½ ½ ½ ) po s i tion and a FI - at the ( 0  0 1 )  




which may be combined to give a new eigenvalue problem , 
= 
One set  o f  e igenvecto r s  o f  W i s  generated by the tr ivial 
solution X = 0 o f  ( 8 - 2 2 ) . F rom ( 8 - 2 1 )  it fol lows that , 
X = 0 + A Y 0 and E = - 2wB . 
2 08  
( 8 - 2 2 )  
( 8 - 23 )  
There are 18 non-trivial , l inearly independent solut ions o f  
the equation A Y = 0 and hence there are 1 8  degenerate 
e i genvectors of W o f  the form ( � 1 �) with common e igenvalue 
E = - 2wb . The se e igenvectors  are l i s ted in Table 2 1 .  1 2  o f  
the e igenvectors  have an asso c i ated d ipole moment ; the 
remainder are dielectr ically  inac tive . 
The other 1 2  eigenvectors o f ! correspond to the non­
trivial solut ions of ( 8 - 2 2 ) . I f  the e igenva lues o f  A AT are 
denoted by A ,  then equation ( 8 - 2 2 )  shows that , 
A = 
( E+8wa ) ( E+2 wB ) 
WAWB 
which  may be solved for E to give , 
( 8 - 23 )  
( 8 - 24 ) 
Thus there are two eigenva lue s o f � for each e igenvalue 
o f  [i AT . The e igenva lues o f  the 6x6  matrix  {i {iT are eas i ly 
f ound to be 16 , 8 and 4 with degenerac ies  o f  1 ,  3 and 2 
respectively . The so l utions o f  equation ( 8 - 2 2 )  are there fore , 
1 2 3 4 5 6 7 8 9 10 11 13 14  15 1 6  17 18 
I o o 
0 0 1 
1 0 0 
o o I 
o I o 
O 1 0 
l ½ ½  1 
½ ½ l 1 
½ l ½ 1 
l ½ ½ 1 
½ 1 ½ -1 
½ ½ l  ]. 
½ l ½ 1 
l ½ ½ -1 
½ ½ 1 1 
½ l ½  -1 
l ½ ½ -1 
½ ½ l 1 
½ I ½ 
½ ½ I -1 
I i; i; 
l ½ ½ 
½ ½ I  -1 
½ l ½ 
1 ½ ½ 
½ ½ I  -1 
½ 1 ½ 
l ½ ½  
½ ½ I  -1 
½ I ½ 























TABLE 2 1 :  The eigenvectors of  the rel axatior. .matri x  W 
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-1 
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Footnotes :  ( a )  A blank entry represents a zero 
2 1 0  
27  28 29 30 
O'. O'. O'. O'. 
-0'. -0'. 











-1 -1 -1 -1 
1 1 
1 1 
-1 -1 -1 -1 
1 1 -1 -1 
1 1 
1 1 
-1 -1 -1 -1 
-1 -1 - 1  -1 
1 1 
1 1 
-1 -1 -1 -1 
1 1 
1 1 
















w w w w a a a a 
3+ 
(b )  The notation (� � 1 )  refers  to a Gd -H8 
-F 1 
s ite whi ch has 
an H8 at the (½ ½ i2 ) pos ition and a F 1 at the ( 0  o 1 )  
position . 
2 1 1 
El 
= 0 1 fold 
>. = 16 
E2 
= -(8wA+ 2 wB) 1 fold 
E3 
= -(4 wA
+ wB) + /16 wA
2
+wB
2 3 fold 
>. = 8 (8 -25) 
E4 
ES 





-(4 w -:-w ) A B 
-(4 wA+ wB
) 




/ 2 2 . 16 wA +wB 









where the origin and degeneracies of each solution are also 
given. The corresponding eigenvectors may be simply 
T calculated from those of g g by equation (8 - 2 2) . A check of 
the 30 eigenvalue solutions is provided by their sum of 
-48(wA
+ wB) ,  which is identical with the sum of the diagonal 
matrix elements of W. 
Thus the frequency of each of the relaxation modes has 
been calculated and it remains to find the polarisability 
associated with each mode . This can be done by calculating the 
population distribution vector under the effect of a static 
electric field by the usual Boltzmann distribution law, and 
expressing it as a linear combination of the relaxation mode 
eigenvectors. The net polarisation and individual mode 
polarisabilities may then be calculated by equations (8 -16) 
and (8 - 18) . This procedure is straightforward but tedious, 
and so only the results will be given here. The 
polarisabilities of thE! three dielectrically active modes, and 
the corresponding relaxation frequencies are: 
N 0 a 
( 1 -a l 
= 
N 
N 0 a 













2 J k T 
4wa +wb 
2 
j 2 2 - 16wa +wB 
2 12 




( 8 -2 6 ) 
4w + wb + /16wa
2+wb 
2 w 2 
= 
a 
8N O 2 b (ll 2wb 0. 3  = -N-- W3 = kT ; 
where N O a 
O h . 1 . b . 1 . f d3+ -Nb are t e equi 1 rium popu ations o a G -HI 
3+ - - . s i te and a Gd -F I -HS s i te , and µ a , µb are the corre sponding 
dipole  moments . I t is  intere s ting to note that , 
= ( 8 - 27 ) 
whi ch i s  the crientat ional polar i sabi l i ty o f  a d ipole which 
i s  free to rotate . 
0 0 The relative magnitude s  o f  wA , wB and Na , Nb may be 
determined from the re sults of the EPR exper iments on UV­
i rrad iated CaF 2 : Gd
3+ : H- described in Chapter V .  The 
temperature dependence o f  the j ump frequenc ies  i s  assumed to 
be o f  the usual Arrhenius form , 
w = WO exp -E/kT , ( 8 - 2 8
) 
where E i s the activation energy for the motion , and the 
proportional factor w0 i s  typically  10
1 3  for atomic sys tems . 
3+ -The thermal degeneration of  the Gd -F I -H8 s i te proceeds 
with a time constant of approximately one second at 90 °K ,  
which leads to an estimate of Eb of 0 . 2 eV, and the �PR 
linewidth results indicate that E = . 4  eV . Thus the jump a 
frequencies and equilibrium populatiorn satisfy the 
inequalities 
and N O





over the temperature range of the dielectric loss 
measurements, and the formulae for the relaxation mode 
frequencies and polarisabilities may therefore by simplified 
to, 
2 
µa  4w al 3kT wl a 
a 2 
'.::! 0 w2 
'.::! 2 wB (8 - 29 )  
a3 
'.::! 0 w3 
'.::! 2 wB . 
The important difference 
3+ 
between the expected Dielectric 
Loss spectra for Gd -F I and 
3+ -Gd -HI 
dipoles which 
reorientate by an interstitialcy motion is now evident. Both 
systems are associated with single dielectric loss peaks 
whose amplitudes are in the ratio of the square of their 
3+ -respective dipole moments, but the peak frequency for Gd -HI 
3+ -dipoles is 4wa, whereas that for Gd -FI 
dipoles is 8 wa . 
Physically, the reason for this difference lies in the 
3+ - . restriction on the routes by which a Gd -H
I 
site can 
reorientate under the assumptions of the interstitialcy model 
discussed previously . The two possible routes may be 
summarised in the schematic notation: 
2 1 4 
WA WB (100) � ( 0 10)  ( ½½½ ) ( 00 1) (8 - 30)  � � 
H B F H 
Thus there is a probability 
H 
of one half 3+ -that a Gd -HI dipole 
which undergoes an interstitialcy motion will return to its 
original configuration , with no net dipole reorientation. 
Therefore the dielectric relaxation frequency, taken over one 
cycle of the two stage relaxation process, is approximately 
3+ -For Gd -FI dipoles there is no restriction of 
the form (8 - 30) and the relaxation frequency is just 8 wA . 
The EPR linewidth experiments measure the relaxation 
frequency corresponding to the lifetime of the FI or HI at 
an interstitial site. This is identical to the frequency of 
3+ -the dominant relaxation mode for Gd -XI (X = H, F) 
3+ -reorientation by the direct jump mechanism, or for Gd -FI 
reorientation by the interstitialcy mechanism . However, the 
frequency measured by the linewidth measurements for the 
Gd3+ -HI
-
site on an interstitialcy model will be 8 wa, whereas 
the calculation shows that the dielectric relaxation occurs 
at 4wa . On this basis the expected dielectric loss peak for 
the Gd3+ -H - dipoles would be at a frequency which is one half I 
that derived by an extrapolation of the EPR linewidth results . 
This would put the peak at 1.5 times the frequency of the 
3+ -Gd -FI peak , and this is consistent with the experimental 
observations. It may be concluded that the interstitialcy 
hypothesis supports the interpretation of the dielectric loss 
3+ - 3+ -spectra which has the Gd -FI and Gd -HI loss peaks 
unresolved, but not that in which there is no dielectric loss 
associated with Gd 3+-H1
- dipoles. 
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Some independent support for the overlapping peak 
interpretation proposed in this thesis is provided by Kitts ' 
22 3+ -ITC measurements on two samples of CaF2 : Gd :H supplied by 
the author . No new ITC peak which could be ascribed to 
3+ -Gd -HI dipoles was observed, and the only difference between 
3+ 3+ the ITC spectra of CaF2 :Gd and CaF2
:Gd :H was that the 
3+ -Gd -FI peak in the latter crystals was slightly broader 
than in the untreated samples. These observations are entirely 
consistent with the dielectric loss measurements reported 
here, and may be explained by the same arguments. 
V I . SUfJ!.MARY 
The previous measurements of the reorientation of 
dipoles have been confirmed and extended , and it seems 
in view of the work of Catlow and Norgett1 1 7  that this 
Gd 3 + -F -
I 
likely 
dipolar species reorientates by the interstitialcy mechanism. 
h 1 . . d h f a3+ - d d3+ - · T e  EPR 1new1 t measurements or G -HI an G -DI sites 
show that the activation energy for these species is very 
3+ -similar to that for Gd -FI dipoles, but the pre-exponential 
frequency factor is several times larger in accordance with 
expectations. It is unlikely that direct tunneling of the 
HI ion makes an appreciable contribution to the relaxation 
rate above 200 °K. The dielectric loss spectra for hydrogenated 
or deuterated crystals of CaF2:Gd
3+ are difficult to interpret, 
but a consistent though not conclusive theory is that the 
3+ -Gd -HI system reorientates by the interstitialcy mechanism, 
which results in the loss peak for Gd 3+-HI
- dipoles being 
swamped by and not resolvable from that for the Gd 3+ -FI
-
2 16 
dipoles . This interpretation is supported by the observation 
f Gd 3+ - - · . . d . . Gd 3+ -o a -F 1 -n8 site in UV irra iation CaF 2: : H  , and by 





dipoles on an interstitialcy model. 
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CHAPTER IX 
CONCLUS I ONS AND SUGGEST IONS FOR FURTHER WORK 
The ma jor  emphas i s  in thi s  work has been on the tetragonal 
RE 3 +-F -/H - s ites , but much use ful information has a l so been I I 
co l lected on other rare earth ion s ite s . For the non-
3+ - 2 -hydrogenated cry s ta l s  the Gd -F7 O s i te has been observed 
in cal c ium ,  s trontium and bar i um fluorides , and accurate spin 
Hamil tonian parameters determined . Thi s  ionic  s tructure may 
provide an intere sting test  o f  the superpo s ition model 
propos ed by NewmaJ6 i f  the exact pos it ion o f  the l igand ions 
can be e s tabl i shed ( for  example  by ENDOR ) , because the values 
0 o f  b 2 determined do not vary systematically  with the uni t  
cel l s i ze . The s i tuation should b e  tractable  s ince only two 
kinds o f  l igand ion are invo lved , and in  the absence o f  
di s tortiora the s i x  o f f -axis  ions do not contribute to b 2 ° 
Thus the maj or contribution s wi l l  ari s e  from only two ions , 
- 2 -the on-axi s  F and O ions . 
. 3+ . + I t  i s  unl ikely that further attempts  to produce RE -Li 
s i te s  with the aim of s tudy ing the e lectron phonon interaction 
wi l l  be pro f i tabl e .  I n view o f  the results  reported here for 
3+ - -RE -HI /DI s i tes , the i sotope shift  between the EPR spec tra 
3+ ( · 6 ) + d 3+ ( · 7 ) + · . b bl  1 1  f o f  RE - L i  an RE - L i  s ites i s  pro a y too sma or  
measurement because o f  the smal ler rel ative mas s  increment and 
the l arger sep aration o f  ions . On the o ther hand the Gd
3+ 
s i te s  o f  rhombic  symmetry found in hydrogenated s trontium 
f l uoride show large i so tope shi fts , but the location o f  the 
ions i s  not known al though plausible  mode l s  have been propo sed 
here . Samples  have been forwarded to P ro fe s sor  Hutch i son at 
2 18 
the University of Chicago to examine the feasibility of ENDOR 
measurements on these sites. 
2 The calculation of the static crystal field parameter B
O 
'3+ -for the tetragonal Gd ' -FI /HI sites as a point charge/point 
dipole model yields a value which is only about one half of 
that estimated froM the EPR and optical data. This discrepancy 
may be due to either the inadequacy of the electrostatic model 
itself, or the approximations made in its present application. 
The first po i.nt is discussed in the review by Newman5,6 which 
contains a detailed summary of the magnitudes of the various 
2 4 6 contributions to the crystal field parameters B0 , B0 , B0 and 
B6 for the case of praesody�ium trichloride. Electrostatic 
contributions (point charge, point dipoles etc.) are almost 
self cancelling for the B4
m and B6
m parameters, and their 
resultants are only about 10 % of the total theoretical values 
with the remainder arising from covalency and overlap 
contributions. However the equivalent figure for B0
2 is at 
least 50 % ,  and so although a purely electrostatic calculation 
is largely irrelevant for B 4 and B 6, it is a reasonable m m 
approach for B0 . The actual application of the electrostatic 
model for calculating B0 in the present case is simplified by 
the cubic symmetry of the fluorite lattice since the 
contribution of distant ions is zero. A major approximation 
3 +  - -is the use of the lattice distortion determined for Ce -FI /HI 




ions differ. The effective charges and polarisabilities of 
the neighbouring ions may also differ from the values assumed 
here . It is therefore uncertain whether the discrepancy 
between calculated and experimental B0
2 values is due mainly 
to the omission o f  overlap and covalency contributions, or 
to the approximations made in the application of the 
electro static model . An ab initio calculation of the 
covalency and overlap contributions would resolve the 
situation, but this is 
The isotope shift 
1 2 3  a very challenging problem . 
3+ -calculations for both Gd -H 1 and 
3+ -Er -HI sites are in good agreement with the experimental 
measurements . It is expected that the electrostatic model 
2 1 9 
should be more accurate in application in this case because 
the only signi ficant contribution comes from a single ion (the 
interstitial hydride/deuteride ion) , and so uncertainties in 
the position of the next nearest neighbour F ligands are not 
as important as for the static crystal field calculation . An 
ambiguity in the theory lies in the ad hoe assumption tl:at the 
anharmonic vibrational parameters c and d are negative . 
However, this is reasonable in the circumstances since the 
isotope shift experiments are the only ones which have been 
performed that are sensitive to the signs and not just the 
magnitudes of the para�eters . 
independent experiment which 
f 3+ - . . h or every RE -HI s ite wit 
It is difficult to devise an 
is sensitive to the signs because 
the H along the (00 1) direction 
there is  an equivalent site with the H along the (O O I) 
direction . An electric field applied along the (00 1) axis 
renders these two sites inequivalent, but the task o f  
interpreting th e field induced shifts in the EPR spectra so 
as to identi fy the sig n of c and d would not be straightforward . 
3+ -The EPR spectrum of the exci ted z 3 state o f  the Er -HI 
site was not ob served i n  this work due to insufficient 
spectrometer s 0 n s itivi ty, and it would be interesting to see 
i f  the g value i s otope shifts are in accordance with the 
2 20 
calculations . Using the crystal field parameters for the 
3+ - . Er -HI site it is possible to predict g values and hydrogen 
to deuterium shifts of g� = 1 . 478 ,  6g# = - . 14 ,  g� = 5 . 94 ,  
6 g� = + . 06 . The expected isotope shift for g� is large and 
should be accurately measurable . With this object a conversion 
of the Q band spectrometer to 110 kHz modulation has been 
initiated in an attempt to boost the sensitivity . 
Th . . . f d 3+ e reorientation rate experiments or G -HI sites have 
necessarily been interpreted by rather indirect evidence, and, 
although the overlap arguments are fairly convincing, it is 
desirable that a distinct dielectric loss peak for Gd 3+ -H -I 
dipoles be observed . It is unlikely that this can be achieved 
by further direct measurements on hydrogenated crystals 
because it has been found by experience that it is impossible 
to produce a crystal which contains more Gd3+ _H - sites than 
3+  - 12 4 Gd -FI sites . It has been reported that X-ray 
. d . . f d 3+ 1 1 irra iation o CaF 2: G  crysta s at room temperature dep etes 
3+ -the Gd -FI site and creates a new site of trigonal symmetry . 
0 Heating the sample at 200 C for a few minutes completely 
reversed the reaction, which indicates that the process 
involves migration of the FI ion . Presumably X-rays have a 
3+ ..:.. . similar effect on the Gd -HI site, and so both of the 
tetragonal sites in hydrogenated CaF2: Gd
3+ would be completely 
depleted by a sufficiently long irradiation period . However, 
when the irradiation is terminated the Gd 3+-HI
- site should be 
repopulated first because of the greater mobility of the H 
ion . Depending on the time constants involved it may thus be 
possible to obtain crystals containing only the required 
Gd 3+ _HI
- sites, although other irradiation induced and 
2 2 1  
dielectrically active sites may pose problems . An alternative 
approach which achieves the opposite result to that described 
above is to irradi ate a sample with UV light at 77°K, but 
this would require a specially designed electrode cell . 
The most important points to emerge from the 
reorientation rate measurements are that hydride ion tunneling 
for the Gd 3+-H1
- sites is insignificant, at least above 200 °K, 
and that the reorientation mechanism is probably an 
interstitialcy motion rather than a direct jump . As far as is 
known the only technique which can unambiguously distinguish 
between these two mechanisms is the rotating frame NMR method 
d . d b · 1 ·  d h ' k 
1 25, 1 2 6 h 1scusse y Ai ion an is cowor ers . Sue measure-
ments would be helpful in proving the conclusiors made here . 
2 2 2  
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APPENDIX I 
The calculations discussed in Chapter VI extensively 
utilise the properties of the solid harmonics which were 
d 1 d f th bl h b Zd k 11,130 eve ope or e pro em ere y ans y These 
230 
properties are incidental to the main theme of that chapter, 
and so are summarised here . Some of Zdansky ' s  formulae appear 
to be i n error and have been corrected. They are marked with 
an asterisk . 
The potential of a point charge has been traditionally 
expanded as a series of terms involving the spherical harmonics 
y £ m ' or the related Racah spherical tensors C £ _  m Zdansky has 
shown that for calculations of the electron phonon interaction, 
in which the Cartesian derivatives of the Coulomb potential 
are required, it is more convenient to use the solid harmonics 
m m T







rn P m(cos 0 )  cos m�, n 
rn p rn(cos 0 )  sin m� , n 
m where r, 0 and �  are the spherical coordinates, and the P (x) n 
are the Legendre polynomials defined by, 
= 
The first few sol id harmonics are, 
23 1  
'I'o = 1 ,  T O = 0 ,  
O x .  O y 
T O - z , T O = 0 ,  
lx ly 
T l = -x , T l = -y, lx ly 
T O ½ ( 3 z  2 2 T O 0 ,  = -r ) ,  
2 x 2 y 
T l = -3 z x ,  T
l 
= - 3 zy ,  
2 x 2y  
T 2 3 ( x 2 2 T 2 6xy . = -y ) ,  = 
2 x 2y  
The sol id harmonics  are  related to the Racah spherical  tensors  
C n used in thi s  the s i s  by , 
m 
C n ±m 
= -n r f ( n-m ) ! ) 
½ 
(T m ± iT m ) . l ( n+m ) ! n , x  n , y 
The derivative s  o f  the so l id harmonics  with respect to 
x = r s in 8 cos � and y = r s in 8 s in � are given by ,  
2 a T m = n , x  
2 a T m = n , y 
2 a T m = n , x  
2 
a T rn = n , y  
for m >  0 ,  and 
= 
for m = 0 .  
m-1 - ( n+m ) ( n+m-l ) T 1 + n- , x  
- ( n+m) ( n+m-1)  
+ ( n+m ) ( n+m- 1 )  
- ( n+m)  ( n+m-1 ) 
·r
l 
n- 1 , x '  
m- 1 T + n- 1 , y  
T m- 1 n- 1 , y  






n- 1 , x  
m+ l 
n- 1 , y '  
T m+ l n-1 , y  
T rn+l n - 1 , x 
T l n - 1 , y ' 
that 
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For di f ferentiation with respect to z = r cos 8 we have 
a T m az n , x  = ( n+m ) T m n- 1 , x '  a T m az n , y  ( n+m ) T 1 n- , y  
The Coulomb potential at � o f  a uni t  po int charge at � can be 
expanded in terms o f  the solid  harmonics  for J r J < J R J :  
1 
where 
= L M m R- ( 2n+ l ) [T m ( R ) T  
m ( r )  + T 
m
( R ) T  m (r ) ]  n n , x  - n , x  - n , y  - n , y  -
M m n 
= 
2 ( n-m ) ! 
( n+m ) ! for m t- 0 and M
O = 1 for m = 0 .  n 
S imi larly the potent ial  o f  a uni t  charge at r due to a po int 
dipole  at R can be expre s sed as  
1 a 1 a 1 -:e. 'v I �-£1 - = -p d X  I �-£I - Py ay I �-£1 · xyz X 
a 
Pz az I �-£1 
The derivatives in thi s  equation may be evaluated by using the 







( n+ l ) R- ( 2n+3 ) T O ( R ) T O ( ) n+ l , x  n , x  £ 
n 2 ( n-m+ l )  ! R- ( 2n+3 ) 
E ( n+m) ! 
n= O m= l 
X [T + l  
m ( R ) T  m ( r ) + T + l  
m ( R ) T  m ( r ) ] * n , x  - n , x  - n .  , y  - n , y  -
= E R- ( 2n+ 3 ) T l ( R ) T  o ( r )  
n=O n+l , x - n , x 
+ � � �
- ( 2n+ 3 ) { ( n -m+ 2
) ! (T m- l ( R ) T m ( r ) 
n=O  m=lL  ( n+m ) ! n+ l , x - n , x -
+ T m- l ( R ) T m ( r ) ) n+ l , y  - n , y  -
( n-m ) ! (T m+ l ( R ) T  m ( r ) + T +
m
l
+ l ( R ) T m ( r ) ) } * ( n+m) ! n+ l , x - n , x - n , y  - n , y -
= E R -
( 2 n + J ) T l ( R )T O ( r ) 
n=O  n+l , y  n , x -
+ ; ; R-
( 2n+ 3 ) { ( n-m
) ! [T m+ l ( R ) T m ( r )  
n= O m= l ( n+m) ! n+ l , x - n , y  -
- T m+ l ( R ) T  m ( r ) ] n+ l , y  - n , x  -
+ 
( n -m+ 2 ) ! IT m- l ( R ) T  m ( r ) - T 
m- l ( R ) T  m ( r ) l } * ( n+m ) ! L n+l , x  - n , y  - n+ l , y  - n , x - _ 
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The formulae developed thus far may now be appl ied to 
calcul ate the point charge , point  dipole , and induced dipo le 
contributions to the e lectron-phonon interaction discus sed in  
Chapter I I .  I t  was shown there that the electronic  functions 
f .  and g . . may be expres sed as  a series of  spherical  tensors l l J  
C £ and that the pos s ible value s o f £ and m were restricted by m 
symmetry arguments . The equations ( 2 - 5 )  may be re -expre s sed 
in solid harmonic  form : 
23 4 
f T 0 bO T 
0 b T l = ao n gz z  
= gy z  
= 
z n , n n , ln ny ' 
f T 1 ( gxx +gyy ) T 
0 
b T 2 = aln 
= c o n : gxx-gyy 
= 
nx ' n 2n nx ' 
fy 
T 1 b T l T 2 = aln gx z 
= gxy 
= c 2n ny ' ln nx ' ny 
The value s  of  the coe f f i c ients a . . , b . .  , c . .  may be evaluated l J  l J  l J  . 
for the three mode l s  con s idered in the te s t  by uti l i s ing the 
expr e s s ions for the Carte s i an der ivative s o f  the solid harmonics , 
and the forms o f  the po int  charge and po int dipo le potentials , 
i n the expre s s ion ( 2 - 6 ) for the electron-phonon interaction . 
The results  for the point charge model are : 
= - ( n+ l ) eQ D
- ( n+ 2 )  b an 
= -c = ½ ( n+ l )  ( n+ 2 ) eQ aon  O n n+3 D 
aln 
= - eQ b ln = 
( n+ 2 ) eQ 
Dn+ 2 Dn+
3 
eQ * b2 n = c2n  = 
2Dn+3 
, 
where Q i s  the hydr ide ion charge , e i s  the electron charge , 
3+ -and D i s the RE -H1 separation . 
For the point dipo l e  mode l , i f  p i s  the magni tude of  the 






( n+ l )  ( n+ 2 ) ep a ln 
= ( n+ l ) ep 
Dn+3 Dn+3 
( n+ l )  ( n+ 2 )  ( n+3 ) ep c o n 





F ina l ly , for the induced dipole  mode l , we have that 
= ( 
3wv 1 U 3v2 0 U
) 
* 





2 1 U 5 2 O ) * w ( 3  - �) P 3 ( R) + 3 v ( l  - w2 ) P 3 ( *) , 2S 2S 
where a0
(F-) is the dipole polarisability of the F ion, and 




F� W , �J+ :' I S �-
. u P , '  v� ' ' ' r4"- o-------
I / '. I F -0 - ;- 0 - -0 0/-/ "'  ____ FC/-/ ---d 
�� -
Fig .A1 : The tetragonal G d �  -H s it e ,  showing the meaning o f  the 
symbols u s ed in Appendix 1 . 
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APPENDIX II 
a) Decomposition of Spin-Field Tensors for Cubic Symrnetrv 
T4° (s, H) 
-+ T4° (s) 
4 - 4  [ T4 (S, H) + T4 (S , H) ) 
4 - 4  [ T6 (S , H) + T6 (S , H) ] 
-+ [ T4
4 (S) + T� 4 (S) ] 
-+ [ T6
4
(S) + T� 4 (S) ] 
0 T
O 
(S, H) 1 1 - 1  - ]  1 0 0 T3 [ Tl . (H) Tl (S) + Tl " (H) Tl (S) - Tl (H) Tl (S) J -+ 
b) Bleaney-Koster Linear Field Terms for Tetragonal Symmetry 
6HBK 
A total of nine such terms are possible: 
= 
0 1 -1 a2 (T3 (S) Tl (H) 
1 O 1 -1 + a4 (T3 






1 0 1 -1  + a6 (Ts (S) Tl (H) 
+ 2a6
0 (T7
















- 1  1 
+ T7 (S) Tl 
(H) 
- T 3 
0 ( S) T 1 
0 ( H )) 
+ 2 /2 T o (S) T o (H) ) 3 3 1 
- j� T 0 (s) T o (H) ) 3 5 1 
+ ;1 2  T o (S) T o (H) ) 5 5 1 
;r o o - 2 T7 (S) Tl (H) )  
- 5  1 4 0 - 4  0 
+ Ts (S) Tl (H) J - 3 [ T5 (S) Tl (H) + Ts (S) Tl (H) l ) 
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3 ( S) T l
l
( H) + T� 3 ( S) T �
l ( H) J + 3�5 [ T 5 5 ( S) T �
l
( H) 
+ T � 5 ( S) T l 1 ( H) ) + ½ [ T
5
4 ( S) T l o ( H) + T� 4 ( s) T
l
0
0-I) J )  
+ T ; 3 ( S) T �
l ( H) ) - -A- [ T 7 
4 ( S) T
l 
O ( H) + T ;
4 ( S) T l O ( H) J )  
The above terms have been derived directly from the 
considerations discussed in Chapter II and may be regrouped 
into a shorter form for convenience by collecting terms 
which are common to several expressions. However , the number 
of independent parameters is unchanged . 
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APPENDIX III 
An account of some of the work done on the tetragonal 
3+ -Gd -HI-/FI sites in calc i um fluoride has been publ ished and 
is incl uded overleaf. Improvements to some aspec ts of the 
theoretical treatmen t have been made since the date of  
publication and are incorporated in the main body of this 
thesis . In particular , the estimates of  the anharmoni c  
parameters c and d ,  and of  the zero f ield spl itting have been 
revised and allowance has been made for the ef fects of  
sh ielding . However , the arguments and general approach are 
unchanged . 
